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ABSTRACT
Today Lithium-ion (Li-ion) batteries are the most-emphasized battery technology
among the many different battery systems in the market. However, due to their high cost
(especially for electric vehicle applications), flammability and toxicity, the development
of inexpensive and safer alternative battery chemistries has been the focus of a significant
amount of recent research. Among various battery chemistries, Aluminum-based (Albased) and Zinc-based (Zn-based) batteries have been touted as promising options to
compete with Li-ion batteries. However, the practical realization of Al battery
chemistries has been difficult over a long period of time (170 years) due to a number of
fundamental and intrinsic limitations of Al anodes. On the other hand, Zn anodes have
been a reliable electrode material in primary alkaline batteries since the 1960s due to their
intrinsic safety, low cost of Zn and use of aqueous, non-flammable electrolytes.
However, as elaborated on in Chapter 1, Zn based anodes are not perfect and there
are modern issues that need to be addressed. First, Zn corrosion during discharge leads to
the rapid release of H2 gas, which can cause cells to rupture and leak. Second, due to an
inability to control the in-cell morphology during recharging (Zn plating), Zn-MnO2
alkaline batteries have shown limited rechargeability. Third, aqueous Zn batteries are
prone to passivation, which can limit their achievable depth of discharge. In recent years,
the most common research to address these issues have been: i) manipulating the
interaction of Zn with the electrolyte by introducing electrolyte additives; ii) modifying
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the Zn bulk and surface compositions; and iii) designing exotic electrode architectures to
improve mass transport. Although some approaches have shown modest success, many of
them have failed to truly identify and address the root cause for corrosion and alkaline
cell leakage. Additionally, many of the solutions that have been posed have not been
economically feasible, either because of the material chemistry or the fabrication method.
Therefore, my dissertation has focused on: i) identifying the fundamental cause
for rapid Zn corrosion and H2 release (gassing); ii) using that understanding to pose
engineering solutions to this problem; and iii) using a new understanding about the role
of Zn structure to improve rechargeability. First, multiple operando cells were designed
and built to probe and visualize the reaction dynamics of Zn-MnO2 alkaline cells. It was
discovered that a previously un-reported redox electrolyte mechanism is what enables the
current to be carried through the anode column to the current collector – despite the fact
that the anode lacks true electronic percolation. This leads to a dynamic stripping and
deposition of Zn in the direction of current flow, which results in the formation of high
surface area Zn – driving corrosion and H2 evolution. The development of the operando
cells and redox mechanism are detailed in Chapter 2.
Next, a method to control the crystallographic orientation of Zn was developed,
which is discussed extensively in Chapter 3. The resulting electrolytic Zn (e-Zn) allowed
for the study of which of the Zn facets were preferentially responsible for gassing (basal
plane) and Zn architectures were then made that possessed lower gassing and corrosion
rate compared to commercial Zn powder. Control over the orientation also enabled record
cycling performance – where secondary cells were operated for more than 2000 h in
symmetric cells and 400 h in full cells. In Chapter 4, the discharge capacity of Zn was
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enhanced by controlled partial inclusion of Al atoms in the e-Zn (e-Zn/Al). Al has been a
commonly discussed replacement for Zn in alkaline batteries due to its higher theoretical
gravimetric capacity (2980 mAh g-1) than Zn (820 mAh g-1). However, such replacement
has not been practically achievable due to even more severe corrosion and passivation.
Here, partial inclusion of Al coupled with electrolyte engineering, e.g. adding ZnO as an
electrolyte additive, reduced the Al corrosion rate by 2 orders of magnitude. The resulting
e-Zn/Al anodes significantly increased the discharge capacity and energy density by 53%
(581 mA g-1anode) and 56% (~784 Wh kg-1anode), accordingly, compared to pure Zn. This
was also accompanied by superior reversibility – up to 800 h – in full cells. Finally, the
major findings accomplished by this study are summarized in Chapter 5 and some
recommendations for future work are provided in Chapter 6.
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1
1.1

CHAPTER 1 INTRODUCTION

Battery Technologies
Electrical energy storage is a necessity for the advancement of mobile energy and

power as well as the wider deployment of renewable energy technologies. Among all of
the different energy storage technologies, for decades batteries have been a reliable and
appealing choice for many applications

1-3

. However, there are many important variables

that must be taken into consideration when talking about battery solutions for a given
application, or the wide use of a single battery platform as a solution for many
applications, including: energy density, size 4, cost, operating environment, maintenance,
load profile, form factor, need for rechargeability, shelf life, disposability and need for
durable packaging.
In general, batteries can be categorized into four major groups: 1) aqueous
primary, 2) aqueous secondary, 3) non-aqueous primary and 4) non-aqueous secondary.
For many applications, the battery energy density (Wh/kg) is a critical parameter and it
must be carefully evaluated for any new battery technology that is developed. A
comparison of the gravimetric energy densities for well-established commercial batteries
in each of the four categories are provided in Figure 1.1. Zn-MnO2 alkaline batteries are
by far the most established aqueous primary battery. They have some distinctive
advantages, including long service life at high discharge rates, low cost, long shelf life,

1

Figure 1.1 Comparison of energy density values for alkaline Zn-MnO2 (aqueous
primary), Lead-acid (aqueous secondary), LiFeS2 (non-aqueous primary) and Li-ion
(non-aqueous secondary) battery systems.

2

low internal resistance and global abundance at retail for use in various devices such as
remote controls, flashlights, portable electronics, etc. However, cell leakage due to H2
gassing is still an issue for manufacturers 5, and, to date, their rechargeability has been
limited 6. For recharging, lead-acid batteries are the most popular, reliable and cheapest
option. Modern Pb-acid batteries are also almost entirely maintenance-free and are
deployed in different applications such as passenger vehicles and low power leisure
vehicles. However, lead-acid batteries suffer from low gravimetric and volumetric energy
densities.
Li metal batteries such as LiFeS2 are commercially available as non-aqueous
primary batteries. They can be operated over a wide range of temperatures (-40 ̊C to
60 ̊C) and provide longer service life and shelf life compared to conventional alkaline
batteries. However, they also lack the ability to be reliably recharged. Related to nonaqueous rechargeables, Li-ion batteries are the dominant technology with high energy
density and efficiency for use in portable electronic devices such as cell phones, laptop
computers and tablets in addition to emerging fully electric vehicles

7-10

. The major

concern of utilizing Li metal or Li-ion batteries is the limited abundance of Li in the
Earth’s crust as well as the high cost of Li metal. Additionally, the requirement for rare
metals such as nickel and cobalt in the Li-ion battery cathode may increase their market
demand, causing supply shortages and, consequently, high cost for batteries and other
applications 11.
In recent years, Li-ion batteries (with LiCoO2 and graphite electrodes) have
become the major battery technology in energy storage systems, and there is an
increasing demand for the use of Li-ion batteries in a large number of applications in

3

today’s world. However, because of their high cost, flammability, and toxicity, the
development of inexpensive and safe alternative battery chemistries has been the focus of
a significant amount of recent research

12,13

. Furthermore, the global cobalt market, as a

major component on the cathode side, heavily depends on supplies from countries with
high geopolitical risks. It is also important to recognize that there is a limited amount of
Li metal in the Earth’s crust, which is concerning specially for Li metal battery
applications and highlights the significance of discovering new battery systems that do
not rely on Li.
In contrast to Li-ion batteries, Al-based batteries and Zn-based battery chemistries
are inherently low cost. They also have high theoretical capacity (both gravimetric and
volumetric) of metallic Al and Zn (Figure 1.2), which has led many to tout them as the
holy grail options for future energy storage. In addition, Al is naturally abundant.
However, the performance of Al-based batteries is typically overstated in the literature
due to imprecise considerations that do not fairly evaluate practically achievable energy
densities

9,14

. Zn batteries, on the other hand, have been successfully commercialized as

primary alkaline batteries and showed promising rechargeable performance recently. In
the rest of this chapter, a comprehensive review of Al batteries will be presented and the
progress and current challenges regarding Zn batteries will be discussed.
1.2

Al-based Batteries
Al-based batteries are among the most attractive alternatives for both primary and

secondary applications due to the high natural abundance of Al, its wide availability, ease
in processing (including recycling), low cost and high theoretical volumetric (8056 mAh/
cm3) and gravimetric (2981 mAh/g) capacity. In addition, Al can be used in all four main

4

Figure 1.2. Comparison of gravimetric and volumetric capacities as well as cost,
abundance, standard potentials, cation radius and charge density of cations for Li, Na, K,
Zn and Al 15,16.

5

categories of batteries mentioned earlier (Al-based aqueous primary and secondary as
well as Al-based non-aqueous primary and secondary). Based on these appealing
characteristics of Al, an extensive research effort has been made to improve the Al-based
battery systems over the past few years. However, there are many assumptions that go
into the calculation of the theoretical capacities above, many of which do not actually
apply to the chemistries presently being studied, which will be unraveled in the next
sections.
Today, the dominant Al-based primary batteries have been Al-air batteries
(AABs) and the dominant secondary batteries have been AIBs (Figure 1.3a). For primary
battery applications, non-aqueous electrolytes are likely not economically feasible due to
the high cost of ionic liquid (IL)-based electrolytes compared to aqueous electrolytes.
Because of this, most AABs utilize a KOH-based aqueous electrolyte (Figure 1.3b). The
vast majority of studies on non-aqueous rechargeable Al batteries have been performed as
AIBs, with only a few studies dedicated to AAB rechargeables, since rechargeable AABs
have invariably shown inferior cycle life and reversibility than AIBs

17

. In the past few

years, AIBs have received increased attention as a possible solution for fast
charge/discharge applications with ultra-high efficiency and energy density, especially
when coupled with graphite cathodes in ionic liquid electrolytes (Figure 1.3c) 18.
1.2.1 Historical Development of Al Anodes
A historical development of Al batteries is presented in Figure 1.4. Al has been
explored as an electrode material for batteries since at least the 1850s. M. Hulot replaced
the Pt cathode in the Grove battery with Al (where Zn was the anode material) in dilute
nitric acid and sulfuric acid electrolyte 19. As an anode material, Al was first introduced

6

Figure 1.3. (a) Illustration of Al battery systems. (b) Schematic illustration of discharge
process in Al-air battery with aqueous KOH electrolyte showing the movement of
hydroxide ions to the anode causing undesired corrosion and passivation phenomena. (c)
Indication of discharge process in Al-ion battery with non-aqueous ionic liquid
electrolyte representing the chloroaluminate anions intercalation mechanism.

7

in the Buff cell in 1857 where carbon was the cathode and nitric acid was used as the
electrolyte 20. In this cell, Al becomes passivated when exposed to nitric acid, though Al
is not thermodynamically stable in acidic media.
From ~1920-1950, saline electrolyte cells were studied. They used carbons
(mostly) as the cathode, 5-10% XCl (X=Al, Zn, Mg or Fe) or seawater as the electrolyte,
and Zn (including amalgamated Zn), Al (also amalgamated Al), Fe and Mg as the anode
21

. The main practical issue with these chlorine-depolarized cells was the high corrosion

rate of the anodic metals, i.e., Al and Mg in the presence of dissolved chlorine. Sargent
used Al as the anode material in a Leclanche-type dry cell in 1951

22

and suggested that

passivated Al could dissolve in alkaline media at a high rate. Then, Zaromb introduced
the Al-O2/air battery in alkaline electrolytes for the first time in 1962 and showed that the
corrosion rate of Al in alkaline media decreases with increasing current density,
especially in the presence of corrosion inhibitors such as Hg and alkyldimethylbenzylammonium salts with or without ZnO 23. In the years after, Al anodes have been studied
in many different battery systems such as Al/MnO2 primary alkaline cells
Al/NiOOH

26

and Al/AgO

27,28

24

, Al/S

25

,

. However, they have not been successful enough to be

deployed as a commercial product, because the corrosion rate of Al was too high.
One of the first relevant literature studies for a rechargeable Al battery was
performed by Gifford et al. in 1988 by introducing an Al/Cl2 cell using an Al foil anode
and graphite cathode as a reversible intercalation electrode for chlorine in a room
temperature molten salt electrolyte of 1.5:1 AlCl3:1,2-dimethyl-3-propylimidazolium
chloride

29

. Despite the new chemistry of this cell, the performance was very poor. The

cell had a very low capacity of 30 mAh/g (based on graphite) and very limited cycle life
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Figure 1.4. Historical development of Al batteries: (a)
(g) 31 (h) 32 (i) 33 (j) 34 (k) 35.
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19,20

(b)
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(c)
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(d)

23

(e)

29

(f)
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of only ~40 cycles, even at an incredibly low charge/discharge rate of 10 mA/g. Until
~2010, a number of studies focused on addressing the limitations of early Al-based
batteries, including: reducing corrosion, preventing passivation of Al, understanding Al
deposition from non-aqueous electrolytes and improving the performance of AABs for
use in electric vehicles 36-38. Up until that point, all of the studies focused on enabling the
use of metallic aluminum in the anode and its dissolution into the electrolyte. In 2011, the
term of “rechargeable aluminum-ion” was used for the first time by Jayaprakash et al.

30

and became very famous when Lin et al. proposed a new reaction mechanism based on
intercalation and de-intercalation of chloroaluminate anions in 3D graphitic-foam where
they were able to achieve 65 mAh/g capacity (based on the cathode active material) for
7500 cycles at a high rate of 4 A/g 31. In recent years, researchers (mostly academic) have
tried to improve the performance of both AABs and AIBs by developing novel cathode
materials

39,40

, managing the electrolyte composition

16,41

interface interaction to improve the sluggish kinetics
chemistries and reaction mechanisms

17,43,44

, exploring electrode-electrolyte
42

as well as proposing new

. However, as will be shown in the following

sections, current approaches are far from commercialization. They are generally not
successful in achieving close to the touted energy density for metallic Al. They also lack
sufficient corrosion stability. Therefore, the purpose of the review in this chapter is not to
simply summarize and review Al battery technologies. Instead, the goal is to use all of
the available information about the full cell materials and cell chemistry for a number of
Al-battery technologies to provide: 1) an accurate estimation of the practically achievable
gravimetric capacities and energy densities; and 2) a substantive discussion on their
expected operational life.
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1.2.2 Methodology to Calculate Cell-level Capacity, Energy Density and Battery
Lifetime
Many of the studies on AABs or AIBs reported in the literature end by claiming
high energy density materials and/or successful demonstrations of the technology have
been achieved. However, such claims have invariably failed to consider the
comprehensive implementation of the reported chemistry in practical full cells. There is a
need in the literature for a critical analysis of the realistic deployment of Al anodes across
different chemistries. Here, a critical assessment of the electrochemical performances of
state-of-the-art Al batteries reported in the literature is provided. Using all of the
available information about full cell materials and chemistry, I first carry out an accurate
estimation of the practically achievable gravimetric capacity and energy density. This is
followed by a substantive discussion on their expected operational life.
The methodology to calculate cell-level capacity, energy density and battery
operational life is provided in this section. One of the essential points in my analysis was
to consider the mass of every component in a cell: anode, cathode, electrolyte, separator
and packaging. The average voltage was estimated based on the discharge curves in the
original paper, if not mentioned explicitly in the given study.
1.2.2.1 AAB Cell-level Energy Density
For AABs, the amount of charge passed for the Al anode (Q) was calculated
based on the reported capacity and the mass of the Al used. Then, the mass of consumed
Al was estimated by dividing Q to the theoretical capacity of Al. It was assumed that the
N/P ratio (which is defined as the capacity ratio of negative to positive electrodes in a
battery) is equal to 1. The mass (mi) of the cathode and electrolyte were estimated based
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on the information provided in each study. The mass of the separator and packaging were
assumed to take 5% and 30% of the total mass, respectively based on available
estimations for these components of AABs

45

. This allowed the cell-level capacity and

energy density to be calculated using Equations (1.1 and (1.2.

CCell-level =

Q
m Anode + m Cathode + m Electrolyte + mSeparator + m Package

(1.1)

(1.2)

Energy density = CCell-level × Vavg

Where Vavg is the average is the average discharge voltage.
1.2.2.2 AIB Cell-level Energy Density
For AIBs, a slightly modified version of the AABs method was used in the
calculations that can be generalized easily for any AIB system that aims to become
commercialized. Again, it was assumed that the N/P ratio is 1, though here a common Al
mass (1 g) was assumed. Then, the amount of charge passed for the anode was calculated
based on the reported conditions. The charge passed and the reported cathode capacity
were used to determine the cathode mass. Next, using the electrolyte molecular weights,
concentration or density of dissolved reactant, r value (ratio of AlCl3:[EMIm]Cl in the
electrolyte, needed in the chemistries that involve AlCl3-[EMIm]Cl electrolyte) and
number of electrons, the mass of electrolyte was estimated and it was found that the
approximate ratio of the electrolyte mass to the cathode mass is ~3 in most cases, which
is consistent with the calculations done by Elia et al

46

. Finally, I estimated the mass of

the separator and packaging to be 5% and 10%, respectively based on available
estimations for these components of AIBs 46.
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For comparison sake, in addition to the achieved energy density, it is important to
calculate the maximum theoretical energy density for an AIB battery, which is given by
Equation (1.3 47.
Theoretical energy density =

C A CC
CA + CC

×V

(1.3)

Where CA and CC are the theoretical capacities for the anode and cathode, respectively,
and V is the cell voltage.
1.2.2.3 Battery Operational Life
For primary Al batteries the battery operational life is the same as discharge time.
In the studies that the discharge time was not mentioned explicitly, the battery operational
life was calculated using Equation (1.4.

Battery operational life (primary) =

Q dis
i dis

(1.4)

In which Qdis is the charge passed during discharge (mA) and idis represents the
load current (mA). For commercial Zn-MnO2 and LiFeS2 batteries the rated capacity to
cut-off voltage of 0.8 V at 21 ̊C between 0.1 and 1 mA was considered.
For secondary Al batteries, Equation (1.5 was used to estimate the battery
operational life.
Battery operational life (secondary) =

Cdis
jdis

1

×m× (1+ CE)

(1.5)

Where Cdis is the discharge capacity (mAh g-1), jdis is the current rate (mA g-1), m
is the number of cycles and CE is the coulombic efficiency (%). This calculation takes all
of the parameters that are important in evaluating battery performance into consideration
such as discharge/charge capacities, current rate, number of cycles, capacity retention and
coulombic efficiency. Basically, given the discharge capacity (mAh g-1) and current rate
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(mA g-1), the discharge time for each cycle can be calculated, and then using the number
of cycles and coulombic efficiency, the total operational time of the battery can be
estimated. In studies with overall low capacity retention, there is typically a region with
somewhat stable capacity; this region was used in my analysis to estimate discharge
capacity. For commercial lead-acid and Li-ion battery the lifetime of 4-6 years and ~1525 years was considered, respectively, based on the assumption of 250-300 cycles per
year 48.
1.2.2.4 Al/AlCl3-[EMIm]Cl/Graphite battery configuration
The most common AIB configuration uses an Al foil anode, a graphite cathode 49,
and an acidic room temperature non-aqueous IL electrolyte (e.g. AlCl3:[EMIm]Cl > 1), as
illustrated in Figure 1.3c. The anode and cathode reactions are represented in Equations
1.6 and 1.7, respectively. The full-cell reaction for a 1e- reaction is provided in Equation
1.8 which shows that x = 0.75 (x is the number of electrons used to reduce 1 mole of
AlCl3). It was assumed that for every AlCl4- intercalated, 36 C atoms are needed

50

and

the average operating voltage is Vavg = 1.4 V.
−
−
Al + 7AlCl−
4 ↔ 4Al2 Cl7 + 3e

(1.6)

Cn [AlCl4 ] + e− ↔ Cn + AlCl−
4

(1.7)

Cn [AlCl4 ] +

1
4
Al  AlCl3 + Cn
3
3

(1.8)

Then, the mass of cathode can be calculated based on reported discharge capacity. For
example, Lin et al. reported 65 mAh g-1

31

. Therefore, mCathode = 45.8 g. The overall

number of electrons based on the charge passed is: N =

Q
. The mass of electrolyte is
xF

then determined by considering 36 C/AlCl4- and the ratio of AlCl3:[EMIm]Cl (r):
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(1.9)

m Electrolyte = N(rM AlCl3 + M EMIMCl + 36M C )

Where M AlCl = 133.34 g mole-1, M EMIMCl = 146.62 g mole-1, M C = 12 g mole-1.
3

Next, it was assumed that the mass of separator and the package mass are contributed to
5% and 10% of the total mass, respectively

46

. Finally, the cell level energy density was

determined by multiplying CCell −level = 19 mAh g-1 to Vavg, which is 27 Wh kg-1.
In addition, the theoretical capacity for this battery system is estimated to be 67
mAh g-1 (given in the primary text) as indicated below:

CTheoretical =

nF
3.6 × (M Al + 7M AlCl4 )

(1.10)

In Equation (1.10, n is 3e-, M Al = 26.98 g mole-1, M AlCl =168.8 g mole-1 and F = 96485 C
4

mol e- -1.
1.2.3 Al Batteries with Aqueous Electrolytes
Aqueous electrolytes paired with Al metal anodes suffer from numerous
catastrophic drawbacks. First, the low thermodynamic potential of Al makes the
spontaneous reaction of Al and water thermodynamically favorable, leading to rapid
corrosion and H2 gassing. This high self-discharge of the battery can be minimized by
adding corrosion inhibitors to prevent accelerated loss of electrolyte and electrode
material 16,51. Lower self-discharge can be achieved, but the parasitic hydrogen evolution
reaction still occurs, and gassing damages the Al
electrolytes, based on the Al Pourbaix diagram

53

52

. In neutral-acidic aqueous

, Al oxide formation (passivation)

occurs, which has two effects: i) shifting of the anode potential to more positive values;
and ii) hindering the discharge kinetics, increasing polarization.
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At high pH, the passivation film can be dissolved, exposing the reacting Al, but
that also leads to high corrosion rates and H2 gas evolution (Equations (1.11, (1.12 and
(1.13)

54,55

. H2 gassing is already the main cause for venting and electrolyte leakage in

primary alkaline batteries based on Zn 5,56,57, which has a much lower corrosion rate than
Al.
−
Al + 4OH− ↔ Al(OH)−
4 + 3e

E0 = -2.34 V vs. SHE

(1.11)

2H2 O + 2e− ↔ H2 + 2OH−

Eo = -0.826 V vs SHE

(1.12)

Total: 2Al + 2OH− + 6H2 O ↔ 3H2 + 2Al(OH)−
4

(1.13)

One method of combatting H2 gassing and self-corrosion is to use additives in the
electrolyte that interfere with the hydrogen evolution reaction 58-63. For instance, ZnO has
been used as an additive in KOH electrolytes to suppress Al corrosion, which results in
surface coverage of Al by metallic Zn (protection mechanism of Zn on Al) that has a
lower fundamental corrosion rate

64,65

. Alloying Al with elements that have higher

corrosion resistance, such as Zn, In, Ga, Bi, Sn, Mg, Mn and Pb, has also been
investigated for their ability to reduce parasitic corrosion 66-73. Moreover, it was shown by
molecular simulation that alloying Al with Zn shifts the open circuit potential of pure Al
to more positive values, increases the charge transfer resistance and reduces the discharge
current density. Alloying with Mg has shown more success than alloying with Zn. It was
observed that introducing Mg decreases the alloy grain size compared with pure Al,
which increases the current density. Mn, as another alloying element, enhances utilization
in alkaline electrolytes

74

. Unfortunately, though Mn alloying improves performance, it

does not suppress Al corrosion enough for commercial deployment. Finally, Al(OH)4- has
a very low solubility in aqueous electrolytes. Following saturation, further Al(OH4)-

16

production leads to a dehydration reaction that leaves passivating Al(OH)3 on the anode
surface, which can become Al2O3 if the pH is low or the solubility limit for aluminate is
reached. Hence, the low solubility of aluminate is likely a true limiting issue for pure Al
anodes in aqueous batteries.
1.2.3.1 Aqueous Primary Al Batteries
Aqueous primary Al batteries suffer from poor stability of Al. AABs have been
widely looked at as a potentially high performing aqueous primary Al battery. The
theoretical capacity of an AAB is second only to Li-air batteries, which are hazardous to
manufacture due to explosive conditions during processing. In the literature, AAB work
has been the most common to tout a high gravimetric energy density of 4140 Wh/kgAl 17.
However, because of fundamental problems on both the anode and cathode side of AABs
in aqueous media (e.g. inevitable corrosion and parasitic passivation reaction of Al foil
anode as well as slow kinetics of air cathode) the actual achievable discharge capacities
in the literature range from 200-1200 mAh/gAl (based on Al anode mass), resulting in
energy densities lower than 1000 Wh/kgAl. This is a serious issue for real applications
17,75

.
On the anode side of AABs, Al metal is oxidized to Al(OH)4- and then

subsequently forms solid Al(OH)3 layers (Equations (1.11 and (1.14). At the AAB
cathode, the oxygen reduction reaction (ORR) occurs (Equation (1.15). Combined, these
two reactions yield the overall cell reaction given in Equation (1.16. As discussed above,
Al as an anode material in aqueous media has two main problems. The first problem is
the formation of a passivating oxide layer, which reduces the operating cell voltage and
increases both the charge transfer and mass transfer resistance. As shown by Chen et al.

17

76

using DFT calculations, the highest open circuit potential of the Al anode deviates

from the theoretical value of -2.34 V vs SHE to -1.87 V vs SHE at pH=14.6 (Figure
1.5a), which will further decrease the cell operating voltages and practical energy
densities of AABs. The theoretical cell voltage of an AAB system is 2.74 V, but mainly
due to corrosion and the passivating layer, operating cell voltage has been shown to be
between 1.2 V and 1.6 V. The second problem is a high rate of corrosion when the oxide
layer is removed, especially in alkaline solutions.
−
Al(OH)−
4 ↔ Al(OH)3 + OH

(1.14)

O2 + 2H2 O + 4e− ↔ 4OH−

E0 = 0.40 V vs. SHE

(1.15)

4Al + 3O2 + 6H2 O ↔ 4Al(OH)3

E0 = 2.74 V vs. SHE

(1.16)

AABs can provide high energy densities because the cathode reaction utilizes
ambient air. This means that only one fuel needs to be carried, which reduces the overall
mass of the cell pack. However, the cathode is not without its own issues. Air cathodes
often employ a metal mesh to support a composite electrode consisting of a gas diffusion
layer (GDL), current collector and catalyst 79. The main categories of electrocatalysts for
the AAB cathode are alkaline-based ORR electrocatalysts such as Pt and Pt alloys, silver,
MnO2 and nitrogen doped carbon-M (M = Co, Fe, etc) catalysts 17,80. High-performing Pt
catalysts have been tested as a means of facilitating the ORR. However, Pt catalysts are
extremely expensive, and Pt is not abundant in the Earth’s crust. The ORR also suffers
from high overpotentials related to charge transfer and mass transfer processes.
Furthermore, electrolyte carbonation caused by the reaction of ambient CO2 with
hydroxide anions from both the electrolyte and the ORR (Equations (1.14, (1.17 and
(1.18)
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Figure 1.5. (a) Free energy diagram of stepwise Al oxidation for 211 (stepped) facet 76.
(b) AAB (nonporous Al foil/ 4 M NaOH + 0.05M Na2SnO3/ commercial air electrode)
periodic operation with 5 min On (150 mA/cm2geo) and 24 or 72 h Off 45. (c,d) Schematic
of shape-reconfigurable AAB and discharge curves using different cathodes and
deformations 75. (e) Illustration of paper-based gel electrolyte fabrication process 77. (f)
Discharge time and Al specific capacity as a function of current density at different
NaOH concentrations 78.
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can lower the ionic conductivity and increase the charge transfer resistance (resulting in
increased polarization of ~300 mV). In fact, AAB cells are sensitive to even ppm CO2
levels

81

. Over long operational times, carbonate can reach its solubility limit in the

electrolyte and carbonate salts can precipitate on the cathode.
CO2 + OH− ↔ HCO−
3

(1.17)

2−
HCO−
3 + OH ↔ CO3 + H2 O

(1.18)

Finally, exposure of the cathode to the open air also leads to issues with water
management, specifically the loss of water from evaporation due to the relatively low
relative humidity of typical ambient air. The higher cathode potential is also an issue for
Al-containing ions that can diffuse from the anode to the cathode where they become
passivated inside of the cathode pores, reducing mass transport.
Clearly, there are several issues that need to be overcome before aqueous primary
Al batteries are a practical commercial reality and countless studies have been done over
the years to address these concerns. A full review is not done here, but a few interesting
recent works are highlighted. In one study, Hopkins and co-workers showed that Al
corrosion could be inhibited by replacing the electrolyte with a non-conducting oil during
battery standby periods

45

. The reversible oil displacement decreased the open-circuit

chemical corrosion rate by 99.99% and reduced the self-discharge rate to 0.02%/month,
allowing that team to achieve ~5 times higher energy density and ~8 times longer
operation time in a common 4M NaOH alkaline electrolyte in combination with 0.05M
Na2SnO3 as a corrosion inhibitor compared to a conventional AAB (Figure 1.5b). In
another work, Yu et al. showed that an AAB battery composed of a 3D printed Al anode
prepared by laser sintering, 2 M KOH gelled electrolyte and Pt/C coated hydrophobic
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carbon paper cathode could achieve 239 mAh/g discharge capacity, which is relatively
low considering the fact that it was normalized to a 11 mg Al film as the anode active
material, at an operating voltage of 0.95 V 82.
There have also been attempts in the literature to include flexible and non-liquid
electrolytes

75,77,78,83,84

. For example, Choi et al. coupled Al foil with three different

carbon nanocomposites on a cellulose substrate, i.e. pencil core (PC), pencil trace (PT)
and carbon black/PVDF-HFP composites (CP). They reported a discharge capacity of
128 mAh/g though, the capacity value was normalized to the total mass of the Al anode 75
(Figure 1.5c,d). In addition, a flexible liquid-free AAB was developed using a paperbased gel electrolyte, which was able to achieve an OCV of 1.5 V and specific capacity
of 900 mAh/g based on the 3.5 mg Al foil anode 77 (Figure 1.5e). In another study, a
paper-based AAB was able to achieve a capacity of 1273 mAh/g (based on 3.5 mg of Al)
at continuous discharge rate of 10 mA/cm2, however, the operating time was only 24
minutes 78 (Figure 1.5f).
Though the results discussed above are very good for the technology, it needs to
be noted that in most cases the values are reported based on the mass of only the Al
anode or even normalized to the mass of the reacted Al (not the total Al mass), meaning
that they are not an accurate representation of the full-cell behavior. In fact, in each case,
the high discharge capacities and energy densities are reduced significantly when the celllevel values are analyzed by considering the mass of all of the components of the cell:
anode, cathode, electrolyte, separator and packaging. For example, Wang et al. reported a
high discharge capacity of 2338 mAh/g in an AAB using a 4M NaCl electrolyte

83

.

However, I estimated the practical capacity to be 266 mAh/g, which is equivalent to a
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cell-level energy density of 159 Wh/kg. What is hopefully clear is that even in the best
batteries there remains a huge gap between the theoretical cell-level energy density that is
often marketed for AABs (4140 Wh/kg) with practical values

75

. By mitigating open

circuit potential corrosion through oil displacement in the Hopkins AAB the system level
energy density was reported as 680 Wh/kg 45, although it should be noted that the balance
of plant required for the continuous flow of electrolyte and the storage and handling of
the oil would add a significant amount of weight (a reasonable estimate could not be
made) to the AAB pack, limiting the practical application of this type of battery. Table
1.1 summarizes the results of the cell-level analysis for AABs and provides a comparison
of reported discharge capacities and energy densities with cell-level values considering
the mass of anode, cathode, electrolyte, separator and packaging. It can be clearly seen
that the energy density values decrease significantly when considered as full cells with all
of the components present.
1.2.3.2 Aqueous Secondary Al Batteries
Aqueous electrolytes are attractive for rechargeable systems due to their
flammability resistance, though they are difficult to implement due to their instability
within the potentials of interest. During recharging, the anode potential is very low,
leading to electrolyte consumption via the hydrogen evolution reaction (HER)

86

. In

addition, a large interfacial band gap can form due to the formation of a passivating
Al(OH)3 or Al2O3 film, which drives large overpotentials. However, aqueous secondary
Al batteries may be possible if they avoid Al plating by utilizing intercalation reactions
41,87-93

, which can be coupled with manganese dioxide chemistries 94-96. In one of the first
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Table 1.1. Comparison of aqueous and non-aqueous primary AABs. areported values from corresponding study. bestimated form
discharge curves, if not mentioned explicitly in the corresponding study. ccalculated based on Equations (1.1 and (1.2. dcalculated
from charge and load current if not mentioned explicitly in the corresponding study. eassumed 0.01 mm thickness for the Al foil and
5% of the total mass for electrolyte. fassumed 1 mg cm-2 catalyst loading on cathode side.

Anode/Cathode

Reported Reported
Cell-level
Average
Al Total Cell-level
Battery
Battery discharge energy
Area
energy
Electrolyte
voltage
mass mass capacity
operational Ref.
type
capacity density
(cm2)
b
-1 c density
(V)
(g) (g) (mAh g )
life (h)d
(mAh g-1)a (Wh kg-1)a
(Wh kg-1)c
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3D printed Al
nano-particles/ Pt-C 2M gelled
coated hydrophobic
KOH
carbon
Al foil/ carbon
12 wt%
e
composite
NaCl
PBGE
Al foil/ carbon
(Paper +
f
paper
SPA +
NaOH)
Al foil/ carbon
5M NaOH
paperf
Al/MnO2-CNT air
4M NaCl
electrode

Aqueous
primary

239

227

0.95

1

0.011 0.990

2.66

2.52

5.26

82

Aqueous
primary

128

77

0.6

4

0.011 0.014

98.50

59.10

69.12

75

Aqueous
primary

900

900

1

1

0.004 0.065

48.69

48.69

3.15

77

1273

1273

1

1

0.004 0.081

55.17

55.17

0.45

78

2336

1402

0.6

1

0.004 0.096

85.46

51.28

58.40

83

2102

2300

1.1

1.13 0.076 0.491

326.18

358.80

94.50
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Aqueous
primary
Aqueous
primary
NonAl/Porous carbon- EMIm(HF)
aqueous
based air electrode
2.3F
primary

demonstrations of such an aqueous AIB, Liu et al. developed an TiO2/AlCl3/graphite
battery where an Al-species intercalates into anatase TiO2 nanotubes. This process was
controlled by solid state diffusion, which limited the applied current and discharge
capacity (to 75 mAh/g)

97

. Another demonstration of aqueous rechargeable AIBs

(Al/AlCl3/graphite) used a “water-in-salt”, high concentration AlCl3 mixture to enable an
average discharge voltage of 1.44V with a discharge capacity of 165 mAh/g. This cell
was able to achieve 1000 cycles, and demonstrated “water-in-salt” electrolytes, which
(like ionic liquids) are effective at facilitating the uniform deposition of Al

98

(Figure

1.6a,b). However, the coulombic efficiency fluctuated around 95% during cycling, which
indicates the presence of unwanted side reactions that would not be tolerable in realistic
full cells. Though the capacity might seem excellent at first glance, once all of the masses
in the cell are considered, I estimated the cell-level capacity and energy density to be
quite low: 55 mAh/g and 79 Wh/kg, respectively. This suggests that, at best,
Al/AlCl3/graphite batteries (without excess reactants) would only be able to slightly
exceed the energy density of lead-acid batteries.
In another embodiment of aqueous rechargeable Al-ion batteries, Lahan et al.
demonstrated molybdenum trioxide (MoO3) as a reversible intercalation/deintercalation
host for Al3+ ions from AlCl3, Al2(SO4)3 and Al(NO3)3 electrolytes. Cells with AlCl3
electrolytes had higher ion storage capacity, lower polarization, better stability and
superior capacity retention 89. That being said, the Al3+/MoO3 system showed significant
capacity fade in the initial 25 cycles, and by ex-situ XRD it was found that significant
quantities of Al3+ were trapped in the crystallographic sites of MoO3 (reflecting the low
coulombic efficiency and severe capacity fade). After stabilization, the Al3+/MoO3 cell in
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Figure 1.6. (a,b) Aqueous Al/AlCl3/graphite rechargeable AI-ion battery indicating the
cell setup, redox reactions and long-term cycling performance 98. (c) Illustration of
AlxMnO2.nH2O structure and (d) Rechargeable performance of Al/Al(OTF)3H2O/AlxMnO2·nH2O battery 94. (e) Cycling performance of TAl/Al(CF3SO3)3/α-MnO2
95
battery
.
(f)
Schematic
of
discharge
and
charge
behavior
in
96
TAl/Al(OTF)3+MnSO4/Birnessite MnO2 battery . (g) Long-term cycling of AIB with
Al(NO3)3 electrolyte at 1 A/g 92.
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AlCl3 could achieve a reversible discharge capacity of 168 mAh/g over 350 cycles.
However, significant development is needed for this system to be practical. Moreover,
Wu et al. reported an Al/Al(OTF)3-H2O/AlxMnO2·nH2O battery that was operated
through Al3+ intercalation/deintercalation

94

. The authors reported a specific capacity of

467 mAh/g with corresponding energy density of 481 Wh/kg (Figure 1.6c,d), but both
values are artificially high because they were calculated based only on the mass of
Mn3O4. Moreover, the reported capacity (467 mAh/g) is related to the first and highest
discharge capacity, which was not stable over 65 cycles (58% capacity retention after 50
cycles at a low rate of 30 mA/g). In addition to limited cycle life and high capacity fade,
the coulombic efficiency was poor (~85%). After considering all of the cell components,
my estimates for the cell-level capacity and energy density were 42 mAh/g and 46
Wh/kg, respectively – which is impractically low for commercial consideration.
To overcome Al surface passivation in rechargeable Al batteries, Zhao and coworkers indicated that pre-treating Al with an AlCl3-IL (TAl) electrolyte causes the
surface enrichment of Al with organic functional groups and results in the formation of
an artificial solid electrolyte interphase 95, which is believed to inhibit the formation of a
surface Al2O3 oxide film, sustaining a fresh Al surface to operate the battery in aqueous
electrolytes. The TAl/2m Al(CF3SO3)3/α-MnO2 cell was able to achieve a 380 mAh/g
capacity (first discharge) and 500 Wh/kg energy density (based on the MnO2 mass)
(Figure 1.6e). However, the capacity decayed rapidly to 200 mAh/g after 10 cycles. They
estimated the practical gravimetric energy density to be 235 Wh/kg (based on 70 wt%
MnO2 in the cathode, 100% excess Al anode and other electrochemically inactive cell
components). However, I calculated the cell-level capacity and energy density as 41

26

mAh/g and 54 Wh/kg, respectively. There are several reasons for this huge difference.
Even though I assumed the discharge capacity and average voltage to be 380 mAh/g and
1.3 V, respectively: 1) a more practical N/P ratio of 1 was considered in my calculation,
2) I estimated the required electrolyte mass and considered the separator and packaging
masses: 5% and 10%, respectively.
More recently, He et al. coupled pre-treated TAl with Birnessite MnO2 in 2M
Al(OTF)3 with and without MnSO4 electrolyte additive

96

. They obtained high capacity

(554 mAh/g, second discharge) and energy density (620 Wh/kg, based on Birnessite
MnO2 cathode) at 100 mA/g for 65 cycles in the presence of 0.5M MnSO4. Based on the
suggested reaction mechanism, Mn2+ is produced from the reduction of Birnessite MnO2
on the cathode, while Al anode oxidizes to Al3+ during the first cycle. In the following
cycles, solubilized Mn2+ and Al3+ ions in the electrolyte make AlxMn(1-x)O2 on the cathode
side, whereas Al stripping and plating happens on the anode side (Figure 1.6f).
Additionally, considering the fact that the molecular weight of Al(OTF)3 is 474.19 g/mol
and MnSO4 is 151 g/mol, the cell-level capacity and energy density were estimated to be
33 mAh/g and 37 Wh/kg, respectively. A summary of the practical energy density
analysis for aqueous secondary Al batteries is presented in Table 1.2, which clearly
shows the low practical cell-level energy density that can be achieved in these reported
chemistries when all of the cell components are considered.
However, the work above does not resolve the desire to create AIBs that are
completely intercalating. All of the examples above used Al-metal anodes. Another
interesting chemistry would be an AIB without Al metal electrode, similar to the Li-ion
batteries with intercalation reaction mechanism. Recently, a flexible, aqueous AIB was

27

developed by Wang et al. that did not deploy a metallic Al electrode, but consisted of a
polypyrrole-coated

MoO3

anode,

PVA-Al(NO3)3

gel

electrolyte

and

copper

hexacyanoferrate cathode 87. Similar to Li+ ions in Li-ion batteries, Al3+ ions shuttle back
and forth between CuHCF and MoO3 electrodes through electrolyte. In their initial study,
the achieved capacity was very low, only 31 mAh/g; however, they were able to improve
performance in a later study using a VOPO4 cathode and 1M Al(NO3)3 electrolyte. In that
study, they were able to achieve 2800 cycles with a maximum discharge capacity of 88
mAh/g and 86.2% capacity retention

92

(Figure 1.6g). Despite the interesting Al3+

intercalation chemistry, the capacity was not stable throughout the test. After cycle 500,
the achievable capacity was in the range of 40-60 mAh/g until cycle 2500, and thus, more
research needs to be conducted to understand the complex redox reaction mechanism and
possibly reach the complete Al3+ insertion and extraction from the layered host structures
in order to stabilize the discharge capacity or even increase the capacity by modifying
electrolyte composition and employing additives.
1.2.4 Al Batteries with Non-aqueous Electrolytes
As discussed in the sections above, several challenges remain for aqueous Al
battery systems, such as long-term stability and practical industrial scale-up. As a
response to these issues, several investigators have worked diligently to advance Albased battery systems with non-aqueous electrolytes. This body of work has mitigated a
lot of the drawbacks associated with aqueous Al battery systems including oxide
formation, hydrogen evolution, and rapid Al corrosion. In the 1970s, eutectic mixtures of
AlCl3, KCl, and NaCl – with operating temperatures typically around 90-150 oC – were
introduced as non-aqueous electrolytes for Cl2 production 112. The acid:base properties of
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Table 1.2 Comparison of aqueous and non-aqueous secondary AIBs. acapacity retention (last cycle) and coulombic efficiency values
were estimated from the given plots if not mentioned explicitly in the corresponding study. bfor the studies with considerable capacity
fade, the cut-off discharge capacity of 70-75% initial capacity was assumed, and the number of cycles was estimated based on that
cut-off capacity criteria. creported values from corresponding study (discharge capacity is usually related to the initial cycle). dthe
calculated values based on Equations (1.1 and (1.2. Note: in non-aqueous systems with graphite-based cathodes, the average voltage
for all cases was assumed to be 1.4 V except the multi-ions system, which was 3.5 V. eaverage discharge capacity of initial and cut-off
capacity was considered for the studies where the capacity retention (last cycle) was not close to 100%. Note: average discharge
capacity was only used to calculate battery operational life.

Electrolyte

Al/Graphite

AlCl3-[EMIm]Cl

29

Anode/Cathode

Al/Carbon paper AlCl3-[EMIm]Cl
Al/Natural graphite AlCl3-[EMIm]Cl
Al/Natural graphite AlCl3-[EMIm]Cl
Al/Graphene

AlCl3-[EMIm]Cl

Al/Natural graphite
AlCl3-[EMIm]Cl
flakes

Battery type

Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary

r

CellReported CellAverage
Reported
level
Number
energy level
discharge Battery
discharge
energy
x
of
density capacity
capacity operational Ref.
b capacity
- density
Cycles
(Wh kg (mAh g
(mAh g- life (h)
(mAh g-1)c
(Wh
1 c
1 d
1 e
)
)
)
kg-1)d

1.3 0.75 7500

65

40

19

27

65

246

31

1.3 0.75

70

98

20

28

70

140

99

2 0.75 250000

110

60

21

29

96

2418

46

2 0.75

124

62

21

30

124

262

100

1.3 0.75 25000

100

60

22

31

97

980

101

1.3 0.75 6000

110

69

23

32

60

1094

102

100

100

Al/Trihigh
tricontinuous
graphene film
Al/Porous 3D
graphene
Al/PQ-triangle
with graphite
flakes

AlCl3-[EMIm]Cl

Non-aqueous
1.3 0.75 250000
secondary

120

66

23

32

120

606

103

AlCl3-[EMIm]Cl

Non-aqueous
1.3 0.75 10000
secondary

123

172

23

33

123

497

104

AlCl3-[EMIm]Cl

Non-aqueous
1.5 1.5
secondary

2000

110

54

35

50

84

168

105

30

Al/V2CTx

AlCl3-[EMIm]Cl

Al/VO2

AlCl3-[EMIm]Cl

Al/V2O5

AlCl3-[EMIm]Cl

Al/MoS2-carbon
nanofibers

AlCl3-[EMIm]Cl

Al/Co3S4

AlCl3-[EMIm]Cl

Al/Co9S8@CNTAlCl3-[EMIm]Cl
CNF
Al/Ni3S2

AlCl3-[EMIm]Cl

Al/Graphite

LiPF6+AlF3
EMC-DMC, VC

Al/Graphite

AlCl3.6H2O

Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Non-aqueous
secondary
Aqueous
secondary

1.3

-

100

160

192

39

47

110

112

106

1

-

100

116

48

43

26

125

503

107

1

-

20

305

183

58

35

270

87

30

1.3

-

200

293

293

47

47

155

636

108

1.3

-

150

90

72

36

29

90

540

109

1.3

-

6000

154

154

45

45

100

1225

110

1.5

-

100

236

189

28

22

50

1000

87

-

-

600

100

350

26

92

100

659

35

-

-

1000

165

220

55

79

165

677

98

Al/AlxMnO2·nH2O Al(OTF)3-H2O

Aqueous
secondary
Aqueous
secondary

IL-treated Al/αAl(CF3SO3)3
MnO2
IL-treated
Aqueous
Al/Birnessite- Al(OTF)3+MnSO4
secondary
MnO2

-

-

20

467

481

42

46

409

593

94

-

-

40

380

500

41

54

250

200

95

-

-

25

554

620

33

37

470

236

111

31

these electrolytes can be controlled through the AlCl3:MCl ratio, which directly
influences the surface state of the Al anode.
In 1988, Gifford et al. introduced a rechargeable Al-Cl2 battery using Al as the
negative electrode, graphite as the positive electrode and a 1.5:1 AlCl3:1,2-dimethyl-3propylimidazolium chloride molten salt electrolyte.
Later, chloro-aluminate ionic liquid (IL) electrolytes with high conductivity were
reported at room temperature and conformal electrodeposition of Al upon recharge was
achieved
AlCl3

36

. Chloro-aluminate IL electrolytes are mostly obtained by physical mixing of

with

1-methyl-3-ethyl-imidazolium

chloride

(MEIC),

1-ethyl-3-methyl-

imidazolium chloride (EMIC), 1-butyl-3-methyl-imidazolium chloride (BMIC), 1,3-di-nbutyl-imizazolium chloride (BIMC) or 1,3-di-n-butyl-imizazolium bromide (BIMB).
Among these ILs, EMIC has been the most successful Al electrodeposition electrolyte.
Just like the AlCl3:MCl ratio in the eutectic mixtures above, in ILs the AlCl3:MEIC molar
ratio determines acidic/neutral/basic nature of the solution. An AlCl3:MEIC ratio > 1 is
acidic; AlCl3:MEIC = 1 is neutral; AlCl3:MEIC < 1 is basic. The electrochemical
response of AlCl3/EMIC melts in acidic, neutral and basic media have been evaluated by
cyclic voltammetry 113 (Figure 1.7a). Alkaline melts allow the working ion to be Al3+, but
the downside is that the Al surface is covered by passivating oxide. Therefore, nearly all
reports have been done in acidic IL melts. However, these melts are difficult to work with
as they are extremely corrosive, highly viscous, low conductivity and mostly
hygroscopic.
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1.2.4.1 Non-aqueous Primary Al Batteries
For primary battery applications, non-aqueous electrolytes are likely not
economically feasible due to the high cost of IL-based electrolytes compared to aqueous
electrolytes. However, some studies have tried to evaluate the performance of AABs with
non-aqueous electrolytes

34,85,113,114

. In a typical AlCl3/EMImCl non-aqueous electrolyte,

Revel and co-workers showed a reduced self-discharge rate of the Al anode in an AAB at
relatively high current densities of 100-600 mA/cm2, though the working voltages were
low (0.45 to 0.67 V) and the reported energy densities were in the range of 23.6 to 86.2
Wh/kg (based solely on the Al anode mass) 113.
In one of the more promising studies, Gelman et al. developed an AAB with an Al
foil anode, (EMIm(HF)2.3F) room temperature IL electrolyte and porous carbon air
cathode

85

. They reported a high energy density of 2300 Wh/kg at 1.5 mA/cm2 and

estimated a specific energy density of 925 Wh/kg (considering the mass of both electrode
active materials), though the battery packaging and electrolyte mass were not taken into
account in the calculation. In a more accurate estimation, I calculated the cell-level
capacity to be 306 mAh/g with an energy density of 337 Wh/kg, which is an order of
magnitude lower than the widely touted theoretical value of 4140 Wh/kg (Table 1.1). One
of the major issues of this type of battery from discharge performance perspective is the
huge polarization (~ 300 to 500 mV) that occurs at the beginning of the discharge, which
can limit their application (Figure 1.7b). Later, the initial voltage drop issue was
overcome by increasing the rest time before operation from 4 h to 24 h, which allowed
the air cathode to sufficiently wet

34

. However, the achieved capacity was still low.

Another approach for non-aqueous AABs was reported recently from the same group
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Figure 1.7. (a) Electrochemical stability window of AlCl3/EMImCl melts using cyclic
voltammetry at 20 mV/s 113. (b) AAB, including EMIm(HF)2.3F electrolyte and porous
carbon based air cathode discharge curves at various rates 85.
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where they used tetra-butylammonium fluoride tri-hydrate salt dissolved in multiple
organic solvents (such as propylene carbonate) to activate the Al surface, leading to high
anodic currents. However, the electrochemical studies were performed in three-electrode
cell configuration, and thus, more work needs to be done to implement the findings in
more realistic cell geometries

114

. Unfortunately, there is an obvious gap in the field on

exploring the performance of non-aqueous electrolytes in AABs and more studies need to
be performed by focusing on improving the performance of non-aqueous primary AABs
and achieving acceptable energy densities that are comparable to the high theoretical
value of 4140 Wh/kg.
1.2.4.2 Non-aqueous Secondary Al Batteries
The vast majority of studies on non-aqueous rechargeable Al batteries have been
performed as AIBs, with only a few studies dedicated to AAB rechargeables. However,
rechargeable AABs have invariably shown inferior cycle life and reversibility than AIBs
115,116

. For this reason, AIBs will be the sole focus of this section and they are receiving

increased attention as a possible solution for fast charge/discharge with ultra-high
efficiency and energy density.
However, the narrative in the existing literature does not accurately convey the
true engineering challenges that exist in converting an AIB concept into a practical
battery. AIBs operate under similar principles as Li-ion batteries, with the main idea that
it is possible to replace the standard one-electron process with a three-electron process at
the anode. However, the most common electrolytes in AIBs are the acidic AlCl 3:IL
mixtures discussed above. In these electrolytes, the reaction is not a simple dissolution of
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Al to Al3+. The redox reaction is much more complicated and involves a large number of
additional reactants from the electrolyte, as shown in Equation 1.6.
Therefore, in reality, this reaction requires 8 Al per 3e-, not one Al per 3e- and all
experimental demonstrations have shown that there’s a huge disparity in achievable
capacities compared to the widely touted theoretical capacity of Al (which assumes 3eper Al). Also, presentations of the capacity have often neglected the electrolyte mass or
properly accounted for the cathode mass. Actually, considering the total number of
aluminum atoms (and Cl atoms) that are needed to drive this reaction, the theoretical
capacity of the anode reaction is actually 67 mAh/g instead of 2980 mAh/g (Equation
(1.10). In addition, AIBs are further limited by lack of suitable cathode chemistries (e.g.
intercalation or conversion), and a lack of stable electrolytes with low corrosivity that
also enable Al → Al3+ chemistry to be realized

94

. AIBs with various cathodes will be

analyzed in the following sections.
Non-aqueous electrolytes, like room temperature ILs, enable the reversible plating
and stripping of Al

16,117

. Therefore, the most common AIB configuration is an Al foil

anode, an intercalation-based cathode (e.g. graphite), and an acidic room temperature IL
electrolyte (e.g. AlCl3:[EMIm]Cl > 1). Several types of carbons have been proposed in
the literature. For example, Wu et al. developed a monolithic 3-dimensional graphitic
foam (3DGF) with high layered isotropy and minimal oxygenation or defects

118

. Their

cell was able to achieve a voltage plateau at 2.3 V with a gravimetric capacity 60 mAh/g
at a very high current density (12 A/g). The high rate capability of the 3DGF material
was determined to be attributed to the vertical alignment of the graphitic structure such
that the layered channels are perpendicular to the current collector. Other reports for AIB
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cathodes include (electro)chemically expanded graphite
carbon nanofibers
defect-free

101

124

, carbon nanoscrolls

125

119-122

, graphite nanoflakes

, and advanced graphene (regular

103,126

123

,

and

). There are some very attractive features of these AIB systems. For

example, Chen and co-workers reported a trihigh tricontinuous (3H3C) graphene cathode
that was able to operate up to 250,000 cycles with reversible and stable specific capacity
of 120 mAh/g (based on the cathode mass) at a high rate of 400 A/g with the ability to
preserve long cycle life over a wide temperate range from -40 ̊C to 120 ̊C

103

(Figure

1.8a,b). Fast rate was accomplished at temperatures as low as -20 ̊C 127 (Figure 1.8c).
Though it has been interesting from a fundamental perspective to understand how
Al can be intercalated into carbon, the low capacities that have been reported across the
board for these materials are all caused by the same main drawback: Al3+ does not
participate in noninteractive diffusion in the AlCl3:IL electrolyte due to its low ionic radii
(54 pm) and high valence state

128

. This forces Al to coordinate with neighboring anions

(e.g. Cl, F) to form complexes within the room temperature IL. The carbon, therefore,
intercalates an AlCl4- complex rather than Al3+ (as Li+ would in Li-ion batteries), as
shown in Equation (1.7.
Such a large intercalating ion introduces structural limitations that force the
repeating unit to be very large, estimated to be 8-72 carbons per 1 intercalated AlCl4-

50

(again, unlike LiC6 in Li-ion batteries). Therefore, the gravimetric energy density of the
overall cell is significantly hindered by the diluting carbon mass, making this approach
commercially impractical. In addition, the intercalation of such a large species leads to
large volumetric expansions between 0-100% SOC that can diminish the structural
integrity of the carbon-carbon layering during reduction. For the energy density calculati-
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Figure 1.8. (a) Cycle life stability of Al/[EMIm]AlxCly/3H3C graphene battery 103 and (b)
Design and structural properties of 3H3C graphene cathode. (c) Long-term cyclability at 20 ̊C between 1.0 to 2.55 V 127. (d) Cycling performance of Al/EMImAlCl4/PQ-triangle
with graphite flakes battery 105. (e) Redox reaction mechanism of Al/AlCl3-[EMIm]Cl/
V2CTx (MXene) battery during discharge 106.
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ons, a moderate repeating unit of 36 carbons per AlCl4- was assumed. Care must also be
taken to properly account for the electrolyte mass needed (Equation (1.9) to enable the Al
oxidation reaction in Equation (1.6. Because the electrolyte participates in the reaction, it
is necessary to add enough salt for both high ionic conductivity and consumption during
operation, which introduces a notable electrolyte mass to real cells.Because of this, the
achievable capacity of an AIB is greatly dependent on the AlCl3:[EMIm]Cl ratio in the
electrolyte (r) as well as the number of electrons required to reduce 1 mol of the anodic
material (x)

100,129

. As an example, the overall reaction for a 1e- transfer is provided in

Equation (1.8, which shows that x = 0.75 (based on AlCl3).
If r = 1.3, the energy density of the AIB is only 33 Wh kg -1. Though increasing
the r value does lead to an increase in the energy density, r = 2 (62 Wh kg-1)

100

is

essentially a practical limit as the electrolyte would be 64.5 wt% AlCl3. It should also be
noted that the value of r changes over the life of the device as the reaction proceeds. For
example, when r = 1.5 at the beginning of cell operation, 6 g of electrolyte is required per
gram of carbon (~60 g of electrolyte per g of Al). After a full cell discharge, the r value
is reduced to 1.1 due to the depletion of AlCl4- from reaction with Al (Equation (1.6) 46.
As a result of its participation in the redox reactions, and the need to maintain ionic
conductivity during the charge/discharge, the majority of cell mass and volume in this
battery system is comprised by the electrolyte, with significant contributions from the
carbon as well. Therefore, accounting for the electrolyte mass and the cathode mass,
which is not commonly done in the AIB literature, is likely to have catastrophic
implications for the practically-achievable capacity and gravimetric energy density.
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In a recently published paper, Elia et al. also showed that the energy density of
Al/AlCl3:[EMIm]Cl/graphite batteries are limited by the amount of the electrolyte that is
needed to participate in the charge/discharge process 46. For example, they showed that 6
g of electrolyte is required per gram of carbon when a cell starts with r = 1.5 which then
reduces to r = 1.1 due to the depletion of AlCl4- during the reaction. It was also shown
that the majority of cell mass and volume in this battery systems are related to the
electrolyte (59% relative mass and 68% relative volume). Therefore, the total capacity
and energy density calculations have been done to properly account for the electrolyte
mass and the cathode mass. The results are shown in Table 1.2 for all of the graphite
cathode AIBs discussed above. Clearly, these cells are severely limited in terms of their
achievable capacity and gravimetric energy density, which makes them less interesting
from a practical perspective and it appears unlikely that (unless the fundamental
chemistry of the system is changed) these cells will ever be commercially viable.
To combat the large gravimetric and volumetric issues of graphitic cathodes,
researchers have sought to find layered superstructures that allow for smaller unit cells.
These materials also have less constrained volumetric expansion and high surface areas
(for greater ion/electron diffusional pathways), which also can limit degradation
mechanisms related to structural strain. Recently, a rechargeable Al organic battery was
developed by Kim et al. using a triangular phenanthrene-quinone-based (PQ-triangle)
cathode material that was able to reversibly insert and extract AlCl4-. The battery was
able to reach 5000 cycles with reversible capacity of 94 mAh/g

105

(Figure 1.8d). Using

the methods described above, the specific energy density was calculated to be 50 Wh/kg,
which is competitive with lead-acid batteries, though not economically. More recently,
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another Al organic battery was introduced by Bitenc et al. where the reaction mechanism
was based on AlCl2+ coordination

130

. However, the reported high energy density of 101

Wh/kg, was based the achieved capacity in the first cycle (190 mAh/g) which was not
stable 500 cycles. Furthermore, 2D metal carbides and nitrides (MXenes) with
multilayered structures have the ability to be intercalated by both single and multivalent
cations has been studied for energy storage applications including AIBs

131,132

. For

example, VahidMohammadi et al. developed a rechargeable AIB using a 2D vanadium
carbide (V2CTx) MXene cathode, Al foil anode and AlCl3/[EMIm]Cl electrolyte. This
cathode was able to achieve a 300 mAh/g specific capacity initially at 100 mA/g

106

(Figure 1.8e). However, the cycle life was limited (100 cycles) and the capacity was not
stable (reduced to < 100 mAh/g after 30 cycles). This corresponds to 39 mAh/g capacity
and 47 Wh/kg energy density based on my calculations.
Other alternative intercalation-based cathodes like metal oxides (e.g. V2O5

30

,

VO2 107, AlV3O9 133) and metal phosphides (e.g. Cu3P 134) have also been reported. Here,
the ability to overcome the large repeat unit is rooted in the fact that at the interface
between the metal oxide and the electrolyte the AlCl4- is desolvated to Al3+, which is then
intercalated into the cathode (e.g. to form AlxVyOz). The Al/VyOz cells can achieve a
gravimetric capacity ranging from 116 mAh/g (VO2) to 305 mAh/g (V2O5) which
corresponds to 48 Wh/kg to 240 Wh/kg energy densities (based on the mass of active
material)

30,107

. However, in my cell-level analysis the capacity and energy density were

calculated as 43-58 mAh/g and 26-35 Wh/kg. It is worth mentioning that there is an
electrolyte dilution effect in these systems similar to Al/graphite chemistry that can limit
the actual achievable capacity. Additionally, even though V2O5 can add and remove Al3+ -
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from the structure, the material does suffer from structural collapse and cell-failure even
under limited cycling. Similar trends have been found with other intercalation-based
metal oxides such as layered δ-MnO2 135, MoO3 89, and SnO2/C 136. The main drawbacks
for these intercalation cathodes have been their limited cycle life (20-100 cycles), low
discharge voltages (< 0.6 V) and poor capacity retention, which translates to a low energy
density, and thus, make them less practicable than desired.
In an attempt to achieve higher theoretical cell-level capacity and energy density,
some researchers have moved away from intercalation-based materials and have adopted
conversion-based materials, such as metal sulfides like MoS2

137

(dual reaction

mechanism via intercalation and conversion), Co3S4 (theoretical capacity = 702.8 mAh/g)
109

, Co3S4/CNT 110, and 3D Ni3S2 (theoretical capacity = 462 mAh/g) 138. The conversion

reaction mechanism inherits all the virtues and hurdles of intercalation-based reactions,
and revolves around the ability to leverage more electrons per Al (e.g. graphite
intercalation of AlCl4- = 8Al/3e-). Harvesting more electrons equates to higher energy
densities but at the cost of bond-breakage and significant structural transformation.
Sulfides exhibit relatively lower electronegativity and larger atomic radii in-comparison
to metal oxides, which translates to higher energy densities. However, the behavior of
these materials is dominated by solid-state diffusion, which is intrinsically slow. Specific
to Co3S4

109

, electrochemical impedance measurements have shown significant mass

transfer limitations. In addition to poor mass transfer and kinetics, the material also
suffers from structural degradation and irreversible side reactions that sacrifice both
coulombic efficiency and cyclability. Therefore, metal sulfides have a large disparity
between their theoretical and experimental capacities, where values between 60 mAh/g
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and 180 mAh/g are common 137,138. Based on my calculation the more practical cell-level
capacity and energy density ranges from 28-47 mAh/g to 22-47 Wh/kg.
Another approach to improving the performance of AIBs has been to utilize
multiple ions in the system where different ions are reacting at the anode and cathode
electrodes. For instance, Wang et al. designed a multi-ion battery with an Al anode,
graphite cathode and LiPF6+AlF3 EMC-DMC-VC electrolyte
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. In this battery system,

the anode reaction forms an AlLix alloy during the charge process due to lithiation of the
Al surface, while at the anode PF6- and AlF4- intercalate into the graphite electrode. This
battery was able to provide ~100 mAh/g discharge capacity with a high average voltage
of 4.0-4.5 V. This high voltage can be beneficial to improve the energy density, although
the high concentration of electrolyte as well as intercalated complex anions e.g. AlF4could decrease the practical energy density significantly due to electrolyte oxidation.
Based on my calculations, the cell-level capacity for this cell was 26 mAh/g, which is
similar to graphite cathode chemistries with AlCl3-[EMIm]Cl electrolyte. However due
to higher operating voltages, the multi-ion system can reach a higher energy density of 91
Wh/kg – though this remains too low for near-term practical consideration.
A graphical comparison of calculated vs. reported energy densities for AIBs is
shown in Figure 1.9a. It can be seen that most of the datapoints lie well below the parity
line (solid grey line with slope = 1), even on a log scale, showing the wide disparity
between the reported and achieved energy densities that was discussed above. It is worth
noting that all of the datapoints are also significantly lower than the theoretical limits for
AIBs calculated using Equation (1.3 (463 Wh kg-1 with a C-based intercalation cathode to
796 Wh kg-1 with a Co3S4 conversion cathode). However, Equation (1.3 does not account
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Figure 1.9 Evaluation of practical energy density and operational lifetime of Al anode
batteries. (a) Illustration of reported vs. practical energy density of AABs and AIBs as
well as a comparison of achievable vs. theoretical energy density of Al batteries. (b)
Comparison of cell-level energy density and battery operation life estimation of current
Al-based batteries with well-established battery technologies.
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for the electrolyte contribution to the reaction chemistry. When this is considered, the
true upper limit for the energy density that is practically achievable is only 80 Wh kg-1 for
an AIB utilizing Al/AlCl3-[EMIm]Cl/Graphite anode/electrolyte/cathode. The gap
between the practical energy density of AIBs and their theoretical limits is much larger
than available chemistries in commercial cells

139

and even the calculated theoretical

limits (from Equation (1.3) are much lower than what is often quoted in the literature.
Clearly, both non-aqueous and aqueous AIBs are severely limited in terms of their
achievable capacity and gravimetric energy density.
1.2.5 Battery life Assessment
In addition to energy density, the durability of Al batteries was analyzed in terms
of battery operational life and compared with four well-known aqueous and non-aqueous
battery technologies. Of course, the lifetime of commercial batteries can range widely
depending on the current rate that is dictated by the application. For the purpose of fair
comparison, this study considered a moderate rate (0.1 to 1 mA) for primary commercial
batteries and 250-300 cycles per year were assumed for secondary commercial batteries
to be comparable with testing conditions of Al batteries in the literature. Therefore, there
is a specific range that can be calculated for battery life and energy density. In Figure
1.9b, it can be seen that aqueous primary AABs have considerably lower energy density
and operational life compared to Zn-MnO2 alkaline batteries – their main competitor in
the commercial space. Non-aqueous primary AABs can operate for longer times and
higher voltages compared to aqueous AABs, and the achievable energy density is higher
for non-aqueous AABs (Table 1.1). Though the cell-level energy density of the highest
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performing non-aqueous primary AAB is comparable with industry-leading LiFeS2, the
operational lifetime remains orders of magnitude lower.
In rechargeable aqueous AIBs, utilizing AlCl3-based water-in-salt electrolytes
might be promising - presently delivering a 79 Wh kg-1 cell-level energy density.
Batteries with Al(OTF)3-based aqueous electrolytes have shown energy densities that are
comparable with lead-acid batteries. However, the operational life for aqueous AIBs is
significantly lower than lead-acid batteries. Also hampering commercial deployment is
the fact that Al(OTF)3 based aqueous electrolytes are ~130 times more expensive than
AlCl3-based aqueous electrolytes and are double the cost of non-aqueous AlCl3[EMIm]Cl electrolytes

98

. For non-aqueous AIBs with an Al/AlCl3-[EMIm]Cl/Graphite

chemistry, the achievable lifetimes are much lower than the incumbent technology, Li-ion
batteries, which have substantially longer operational life than any other non-aqueous
AIB.
1.2.6 Current Status of Al Batteries
In summary, it was realized that in aqueous alkaline electrolytes, anodes that are
principally comprised of Al metal have serious corrosion and gassing issues in addition to
poor solubility of Al(OH)4- – leading to passivation as either Al(OH3) or Al2O3. For Albased batteries with non-aqueous acidic IL electrolyte, only 1 of every 8 Al atoms is
active and a huge amount of supporting electrolyte needs to be carried which
significantly reduces the gravimetric and volumetric energy density.
A comparison of battery performance of aqueous and non-aqueous AIBs clarifies
that aqueous systems can deliver high capacities but short cycle life and poor capacity
retention. In contrast, non-aqueous AIBs have a higher operation and cycle life, but have
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limited capacity. They also rely on IL electrolyte, which is likely a non-starter for most
applications, since they are expensive and require highly specialized, expensive cell
materials to avoid corrosion (Ti, Ta, Mo) – though it may be possible to develop coatings
to enable stainless steel hardware and more stable current collectors. Furthermore, ILs
have not been produced at the required scale and may require non-ambient cell
construction and materials processing. Another issue with non-aqueous AIBs is mass
transport, because ion movement occurs in the opposite direction of diffusion. Finally,
the fundamental chemistry of Al in existing ILs requires a significant electrolyte mass to
be carried, which limits the achievable energy density values. For example, the practical
energy density of an Al/AlCl3-[EMIm]Cl/Graphite AIB is 27-50 Wh kg-1. The
contribution of significant electrolyte mass in this battery system is an inevitable fact,
making its future deployment doubtful.
Related to AABs, in addition to poor achievable life their practical energy
densities remain ~10-15 times lower than their theoretical values. In addition to the
limitations of Al, the low energy density is caused by the ORR at the AAB cathode which
is kinetically slow, and product instability leads to the formation of a barrier layer with a
gel-like consistency comprised of aluminum-oxygen-organic species. This causes
generally poor performance (i.e. low discharge voltage even at low rates). Moreover,
AABs are not cost effective, since all modern high performing, long life ORR cathodes
rely on expensive electrocatalysts. Therefore, there should be more of a focus on other
types of battery chemistries than AABs, though it is questionable whether primary battery
technologies with metal Al anodes (even using corrosion inhibitors or alloying with other
metals) can ever be deployed.
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Hopefully, the review in this chapter benefits the battery research community by
presenting a more realistic picture regarding the status of Al battery technologies. There
are many attractive features for Al-based batteries and there are obvious possible
advantages over existing batteries, including Li-ion. However, there is clearly a sizeable
gap between the current state of rechargeable AIBs and existing Li-ion technologies.
Today, it appears that this gap may inevitably prove insurmountable. For that statement
to be wrong, it is likely necessary for the community to completely rethink the chemistry
of existing Al batteries, revisit the cathode materials and electrolytes that would enable
the use of Al in the future, and carefully evaluate the cell balancing for practicality.
1.3

Zn-based Batteries
Because of the issues with Al discussed in the previous section, Zn-based anodes

have dominated the battery landscape. Like Al (and superior to Li), Zn can enable
multiple electron transfers per ion (Zn2+), leading to high energy densities. Today, there
are multiple Zn battery chemistries that have been successfully commercialized and are
used in everyday applications such as AA alkaline batteries. The reason lies in the fact
that Zn is intrinsically more stable in water-based systems compared to Al. Moreover, the
mobility of Zn2+ is possible and reasonably high within the host structures (without the
participation of supporting electrolyte), enabling higher achievable capacity and energy
densities than intercalation-based chemistries.
1.3.1 Historical Development and Electrochemistry of Zn batteries
There is a rich history behind the use of Zn as an anode material in batteries. Zn
has been used as an anode material in battery systems since 1800. Early demonstrations
were related to the use of Zn anodes in Volta piles and Daniell cells, which were non-
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rechargeable batteries utilizing aqueous electrolytes 140. In 1868, the Lechlanche cell with
a Zn anode and a MnO2 cathode was introduced, which was commercialized later in
1960s as what we know today as alkaline batteries after changing the electrolyte to KOH
or NaOH-based solutions. Moreover, the concept of Zn-air batteries was developed in
1869 and first commercialized in 1932

140

. Though they are considered one of the holy

grails of the battery field, and could enable significant progress in low cost grid-scale
storage 141, they are yet to be utilized for anything other than very low current button cells
(hearing aid batteries). Besides Zn-air and alkaline Zn battery chemistries, there have
been other Zn batteries that were introduced with modest academic-level success such as
Zn-CuO (1883)

142

, Zn-Cl2 (1884)

10

, Zn-Br2 (1885)

143

, Zn-NiOOH (1899)

144

and Zn-

Ag2O (1941) 145,146.
Even though various primary Zn batteries have shown reasonable performance
compared to other battery chemistries, there have been serious issues related to their
deployment in rechargeable cells, most notably corrosion and passivation. In the recent
years, researchers have tried to couple Zn anodes with different types of MnO2 cathodes
and have manipulated the pH of electrolytes to mitigate side reactions. This led to the
introduction of Zn-ion batteries (in ~2010) where slightly acidic electrolytes are used in
most cases and the reaction mechanism is based on the intercalation of Zn2+ ions or cointercalation of H+ with Zn2+ ions in a cathode host. The most successful cathode
materials for Zn-ion batteries have been Mn-based or V-based cathodes

147

. However,

there still remain some challenges on both the cathode and anode sides of these batteries.
In addition to aqueous electrolytes, Zn anodes have been utilized in non-aqueous
media, though it is not common. On the one side, non-aqueous electrolytes can offer high
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Figure 1.10 (a) Illustration of the electrochemistry of Zn batteries including the
challenges related to the anode and cathode with possible approaches to alleviate the
problems 148. (b) Comparison of the advantages and disadvantages of organic electrolytes
vs. aqueous electrolytes 149.
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operating voltages (2 - 3 V) and better Zn anode stability. On the other hand, they are
expensive and have sluggish kinetics 150. More importantly, non-aqueous electrolytes can
induce safety issues because of their flammability. Furthermore, the low conductivity of
non-aqueous electrolytes (~ 0.001 to 0.01 S/cm) compared to aqueous electrolytes (~1
S/cm) can result in serious performance losses that limited their practicality

151

. A

summary of main differences between organic and aqueous electrolytes is provided in
Figure 1.10b. Therefore, the focus of this dissertation will be the utilization of Zn anodes
in aqueous systems, more specifically in alkaline media.
1.3.2 Roadblocks to Using Zn Anodes in Aqueous Media
The performance of Zn electrodes has been limited by multiple challenges
including passivation, shape change, dendrite formation, and corrosion (accompanied by
hydrogen gas evolution) – especially in alkaline electrolytes

141,152-154

. An illustration of

these phenomena is shown in Figure 1.11. The following subsections provide more
detailed discussion on the mechanisms and consequences of the Zn anode obstacles.
Clearly, the combination of these challenges must be considered when deploying Zn in a
practical battery. It should also be noted that these mechanisms also are linked with the
inability for Zn electrodes to achieve reversibility in secondary applications where rapid
capacity fade is essentially always observed.
1.3.2.1 Zn Passivation
During discharge in KOH alkaline media, the Zn anode reaction occurs in two
steps. First, Zn is oxidized by hydroxide anions to form solvated divalent zincate
(Equation (1.19). When the local zincate concentration approaches its solubility limit, a
condensation reaction occurs, resulting in the formation of ZnO on the electrode surface
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Figure 1.11 Illustration of Zn electrode challenges in aqueous battery applications 6.

52

(Equation (1.20). The formed ZnO during discharge passivates the surface (Figure 1.12a),
creating an insulating layer of porous cubic-rod shape ZnO structures that: i) restricts the
accessibility of the electrolyte to the active Zn surface; ii) increases the cell impedance
and iii) limits the cell capacity by reducing the Zn utilization. It should be noted that the
Zn dissolution/passivation process is highly dependent on the KOH electrolyte
composition as the ionic conductivity, ZnO solubility and Zn/Zn2+ exchange current
density changes with KOH concentration (Figure 1.12b).
Zn + 4OH- → Zn(OH)42- + 2e-

(1.19)

Zn(OH)42- → ZnO + H2O + 2OH-

(1.20)

In a recent comprehensive review study by Bockelmann et al. the primary models
and mechanisms for Zn passivation were summarized

155

. In general, there are three

major models proposed for Zn passivation: i) dissolution/precipitation (mass transportcontrolled process), ii) adsorption (combination of kinetic and mass transport control) and
iii) nucleation and growth (kinetic control). Most of the proposed models in the literature
are based on dissolution/precipitation mechanism, though there are still uncertainties.
Because Zn dissolution/passivation is highly affected by the electrolyte composition,
such as KOH concentration, and operational conditions (i.e. applied current densities).
Moreover, ZnO layers have duplex nature where Type I ZnO is formed above a threshold
zincate concentration and Type II ZnO is found below a critical potential

156-158

.

Consequently, Liu et al. showed that the total time for the Zn passivation process equals
the sum of the saturation time of zincate ions, the growth time of porous Type I ZnO and
the creation time of coherent/compact layers of Type II ZnO 159.
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Figure 1.12 (a) Formation of passive ZnO layer on the metallic Zn surface during Zn
discharge process 154. (b) ZnO solubility, ionic conductivity and Zn/Zn2+ exchange
current density in terms of KOH concentration 141.
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1.3.2.2 Zn Corrosion and Hydrogen Evolution
Zn corrosion in alkaline media is thermodynamically favorable, since Zn
oxidation has a more negative redox potential than the alkaline reduction of water.
Therefore, there is a spontaneous thermodynamic driving force for Zn corrosion
(Equations (1.21) and (1.22), which is illustrated in Figure 1.13. Through these reactions,
Zn corrosion occurs is coupled with H2 gas evolution. Such H2 gassing can cause an
increase in the cell pressure that can sacrifice the integrity of primary cells

5

and lower

the coulombic efficiency in secondary cells.
Zn + 2OH- + 2H2O → Zn(OH)42- + H2

(1.21)

ΔG = -nF(EH2 – EZn) = -90 kJ/molZn

(1.22)

Where n is the number of electrons in the reaction (n=2) and F is Faraday’s
constant (F=96485 C/mol e-). During the corrosion process, the surface itself creates an
electrochemical short circuit between the oxidation and reduction active sites where the
actual surface potential lies somewhere between the two reversible potentials. Zn
dissolution leads to the formation of pits on Zn surfaces (pitting type corrosion) resulting
in Zn consumption, which lowers the cell capacity. It also can lead to surface passivation
if the amount of corrosion allows the zincate saturation concentration to be approached
and subsequently cause premature performance loss – though this is rare. Finally, from
this corrosion there can be significant H2 accumulation in the cell, eventually leading to
cell rupture. This phenomenon is well known and has been reported many times in the
literature for both primary 155,158,160-166 and secondary alkaline cells with Zn 167-172 and Al
54,55,173-176

anodes.

55

Figure 1.13 Illustration depicting the in-cell spontaneous electrochemical corrosion of
Zn 5.
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It should be noted that the cathodic H2 evolution reaction controls the Zn
corrosion and the effective way to mitigate the Zn corrosion is to suppress the H2 gas
evolution rate. Hence, it is important to find strategies that could enable the increase of
hydrogen evolution overpotential (decrease the rate of hydrogen evolution) in order to
minimize both the self-discharge rate in primary cells and enhance the charging
efficiency in rechargeable cells. This can be done by the introduction of corrosion
inhibitors as electrode additives to Zn or electrolyte additives to KOH which will be
discussed later in more detail.
1.3.2.3 Zn Dendrite Formation
The high electrochemical activity and solubility of Zn in alkaline media can lead
to the growth of Zn dendrites. The schematic for Zn dendrite formation is shown in
Figure 1.14. During the charging process, zincate ions (from electrolyte) that are located
adjacent to the Zn anode/electrolyte interface, not directly onto the Zn surfaces, begin to
reduce. This results in significant concentration polarization which leads to non-uniform
deposition of zincate ions. In this condition, it is easier for zincate ions to migrate to the
edges, tips and surface defects of the Zn anode. Hence, the free diffusion and movement
of zincate ions to energetically desirable regions for charge transfer leads to the
aggregation of Zn and nucleation of dendritic Zn structures. Zn dendrites manifest as
needle-type protrusions with sharp tips which may form due to concentration-controlled
Zn deposition

177

. In addition, Zn dendrites initiate from regions on the surface where

high local currents and high Zn concentrations dominate

178

. They can even penetrate

through the separator and cause short circuit and cell failure, though recent development
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Figure 1.14 Schematic of Zn dendrite formation mechanism 177.
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of ‘water-in-salt’ electrolytes with high voltages in aqueous batteries could suppress Zn
dendrite formation 179-182.
1.3.3 Pathways to Improve the Performance of Zn Anodes
The limitations of Zn discussed in the previous section have motivated
researchers to embark on significant efforts to overcome these challenges by: i) managing
the electrolyte using additives
metals

140,185,186

electrodes

64,152,175,183,184

, ii) alloying and doping of Zn with other

and iii) modifying the Zn electrode architecture, such as designing 3D

47,170,171,187-191

. Electrolyte additives can act as H2 evolution inhibitors or Zn

dendrite suppressors.
The most common electrolyte additives for Zn batteries have been metal ions
(such as Bi3+ and Pd2+), metal oxides (such as ZnO), polymers (such as
polyethyleneimine (PEI), polyvinyl alcohol (PVA) and polyethylene glycol (PEG)) and
organic molecules (including alcohols and surfactants)

154,177,192

. Typically, electrolyte

additives can be adsorbed onto the Zn surface, especially onto the H2 evolution active
sites, and minimize the Zn corrosion and H2 evolution. Moreover, some polymer
additives can act as a binder or have a substrate effect, and thus, they can regulate the
current distribution and mitigate the generation of Zn dendrites. For example, PEG200
electrolyte additive was able to restrict the 2D diffusion of Zn ions once adsorbed on the
surface, preventing the aggregation and growth of larger Zn dendrites (Figure 1.15a)
193,194

. The downside of using electrolyte additives is that they can increase the cell

impedance, induce passivation, enhance polarization and negatively affect the chemistry.
Performing surface modifications is another pathway to improving the
performance of Zn anodes. This can be done by alloying/doping Zn with other metals or
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including artificial interphases. For example, cladding nano-sized ZnO particles with
zincate ion-sieving carbon nanoshells mitigated the passivation problem, moderated the
Zn dissolution process and enabled deep rechargeability of Zn anodes (Figure 1.15b) 195.
Additionally, electrode additives such as Bi, In, Bi2O3, Ca(OH)2, In(OH)3 and PbO can
improve the conductivity and optimize the current distribution of the Zn anodes, and also
inhibit the H2 evolution and Zn dendrite formation 152,177,186.
In addition, the geometric characteristics of Zn anodes can be manipulated to enhance the
performance and minimize the roadblocks of Zn anodes, especially for rechargeable
systems. For example, Parker and co-workers designed a 3D monolithic and porous Zn
anode (Zn sponge) that was able to recharge over more than 100 cycles at 40% Zn depth
of discharge (DoD), shown in Figure 1.16

170,171

.

The 3D architecture was able to

improve the reaction uniformity and mitigate the shape change over long-term cycling.
However, due to their high surface area, the Zn sponges were susceptible to corrosion and
H2 gassing, which is a disadvantage for practicality because of reduced shelf-life. This is
a good example of the tradeoffs that Zn researchers are encountered within nearly every
study. Practical solutions have the difficult requirement that all of the above challenges
must be addressed simultaneously while also considering the cost of producing the
materials and architectures of interest.
1.3.4 Limited Knowledge on Structural Effects of Zn
Traditional Zn anodes in alkaline batteries are formed from large, polycrystalline
particles with limited control over the morphology. Some studies have looked to improve
morphology control of Zn through the design of Zn nanostructures

191,196-198

, but the

future realization of these nanomaterials is hampered by the high rate of corrosion for Zn

60

Figure 1.15 (a) Impact of PEG200 electrolyte additive on Zn dendrite growth during
charge process 193. (b) Graphic showing ion-sieving carbon nanoshell coated ZnO
nanoparticle anodes 154,195.
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Figure 1.16 Design of 3D monolithic and porous Zn sponge anodes 170.
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nanostructures as well as the expense and scalability of manufacturing such
nanostructures 5,141. More importantly, it should be noted that an individual Zn particle is
not an infinite single-crystal surface; real particles are inherently polycrystalline and
where multiple crystallographic facets and defects are exposed to the electrolyte. Since
the adsorption of water and the surface electron density is different for each
crystallographic Zn facet, the reaction free energy – and hence reversible potential – for
both Zn dissolution and H2 evolution reactions is orientation dependent. Thus, each of
these contributes to the stability of Zn in alkaline media in a different manner, and the
shape and size of the Zn particles can play an important role in its corrosion rate as well
as its charge/discharge kinetics. For example, Won et al. showed that H2 evolution is
most favorable on the Zn (101) facet

199

. Therefore, it is essential to understand which

orientation of Zn is optimal from the perspective of balancing corrosion and
charge/discharge rates, which translate directly to practical variables such as shelf-life
and achievable capacity.
Currently, the majority of researchers working on Zn-ion (as well as Zn-air)
batteries focus on developing new cathode materials and simply apply Zn foil anodes.
However, recent review articles have pointed to the need for increased attention to the Zn
anode

148,154,200,201

, where the introduction of novel structures/architectures could have a

significant effect and pave the way for the research community to seek new methods to
overcome the Zn anode challenges and use the knowledge to implement in Zn-ion
batteries with slightly acidic electrolyte. The same can be said for the Zn anode in
conventional alkaline electrolytes used in Zn-MnO2 alkaline batteries as well. In other
words, there is a gap in the field on understanding the effect of Zn surfaces and
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crystallographic orientations on corrosion and electrochemical oxidation/reduction of Zn
in both alkaline and mild acidic media.
1.3.5 Challenges of Zn-MnO2 Alkaline Batteries
The most successful demonstration of Zn-based batteries has been Zn-MnO2
primary alkaline battery (specifically AA) with liquid KOH electrolyte which was
commercialized in the 1960s and dominated the portable power market for nearly six
decades

202

. The active material at the alkaline battery cathode is electrolytic manganese

dioxide (EMD) and the anode is comprised of micron-scale Zn particles suspended in a
gelled electrolyte of concentrated KOH in water

203

. In commercial cells, the capacity is

typically limited by the Zn mass in the anode. When discharging the alkaline battery,
manganese dioxide undergoes a one electron reduction reaction (Equation (1.23) in
conjunction with a two electron Zn oxidation at the anode (Equations (1.19, (1.20 and
(1.24).
MnO2 + H2O + e- → MnOOH + OH-

(1.23)

Anode total: Zn + 2OH- → ZnO + H2O + 2e-

(1.24)

Throughout the life of the battery, either quiescent in a device or on the shelf, the
anode capacity is under constant attack by the electrolyte since (as mentioned above) the
Zn is thermodynamically unstable in concentrated KOH. Under “normal” conditions,
with a slurry KOH concentration of ca. 35 wt% and a small amount of ZnO dissolved in
the electrolyte, the reversible potential for Equation 1.21 in an operating battery is ~ -1.4
V vs. SHE. Under these conditions, the reversible potential for the hydrogen evolution
reaction, Equation (1.12, is ~ -0.83 V vs. SHE.
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Even though the morphology and reaction mechanism of Zn dissolution

158,204-208

and passivation 155,209-213 in alkaline environment have been well studied, there is limited
information available in the literature regarding how the Zn dissolution and passivation
processes spatially manifest themselves during deep discharge of alkaline cells in realistic
geometries under real operating conditions. Additionally, there is very little discussion in
the literature about the spatial differences in the morphological change of Zn during
discharge as well as the primary structures in deep discharged cells that are responsible
for H2 gas formation. It is also unclear under which operating conditions the H2 gas forms
in the alkaline battery anode.
1.4

Open Questions Regarding Zn and Al Anodes
To sum up this chapter, it was shown that there are serious fundamental issues

with Al batteries that require the community to conduct an extensive amount of
research 214. However, Zn batteries can be modified and improved in the short term.
Therefore, the focus of this study is to address some of the most critical challenges facing
modern Zn-MnO2 alkaline batteries. Although the Zn-MnO2 alkaline battery system is a
well-established technology, there still remain some fundamental questions that are
unanswered in the literature and are of significant importance for companies to find the
solutions: 1) What is the root cause and fundamental driving force for alkaline battery
leakage? Also, why does high pressure and cell rupture occur so suddenly and is more
severe at deep discharge? 2) How does the Zn structure influence the performance of Zn
anodes? 3) How might the inclusion of Al into Zn anodes affect the achievable capacity
and the corrosion rate?
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To address these questions, first, the dynamics of primary Zn-MnO2 alkaline
battery are investigated through a combination of continuum modeling of Zn slurry
anodes, operando measurements of cell potential, pressure and visualization, as well as
ex-situ microscopy. From these experiments, the mechanism for deep discharge, rapid
cell gassing and leakage is elucidated (Chapter 2). Second, micron-sized preferentially
oriented electrolytic Zn (e-Zn) particles are synthesized through a facile electrodeposition
method in a ZnSO4 electrolyte without any additives at high current densities to
investigate their surface stability and reversibility in alkaline media. This also enabled me
to study which crystallographic orientation of Zn is preferred from the perspective of
balancing corrosion and discharge rates, which is an exact reflection of practical
parameters such as shelf-life and accessible capacity (Chapter 3). Finally, partial
inclusion of Al into Zn anodes is explored to improve the discharge capacity and energy
density of alkaline batteries since Al has higher theoretical capacity than Zn (Chapter 4).
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2

CHAPTER 2 UNDERSTANDING THE DYNAMICS OF PRIMARY
ALKALINE BATTERIES

2.1

Brief Overview and Approach
As discussed in Chapter 1, Zn-MnO2 alkaline battery is a well-established primary

battery technology. However, the leakage of alkaline cells is still a serious concern for
battery manufacturers, and thus, it is significantly important to understand the root causes
of leakage phenomenon from a fundamental perspective as pointed out as the first
question to be addressed in this study in Chapter 1. The leading cause for safety vent
rupture in alkaline batteries is the intrinsic instability of Zn in the highly alkaline reacting
environment. Zn and aqueous KOH react in a parasitic process to generate hydrogen gas,
which can rupture the seal and vent the hydrogen along with small amounts of
electrolyte, and thus, damage consumer devices. Abusive conditions, particularly deep
discharge, are known to accelerate this “gassing” phenomena. In order to understand the
fundamental drivers and mechanisms for such gassing behavior, the results from
multiphysics modeling, ex-situ microscopy and operando measurements of cell potential,
pressure and visualization have been combined which will be discussed in this chapter.
Operando measurements were enabled by the development a new research platform that
enables a cross-sectional view of a cylindrical Zn-MnO2 primary alkaline battery
throughout its discharge and recovery. A second version of this cell can actively measure
the in-cell pressure during the discharge.
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2.2

Experimental

2.2.1 Preparation of the Anode Slurry
The anode slurry was prepared by first producing a gelled electrolyte typical of
commercial AA batteries. The electrolyte was made by mixing liquid a KOH solution (2
wt% ZnO dissolved in 31% KOH), with a polyacrylic acid based gellant (Carbopol 940,
Lubrizol) and sodium polyacrylate based superabsorber (Sanfresh, Sanyo Chemical
Industries) at 1.45 wt% and 0.1 wt%, respectively. A paint shaker (Model DC-1-C Sport,
The Miracle Paint Rejuvenator Company) was used to mix the components for 15
minutes immediately after the Carbopol and Sanfresh were added to liquid electrolyte.
After allowing the gel to rest for 24 hours, the mixing procedure was repeated for another
15 minutes. The anode electrode slurry was made by mixing Duracell’s proprietary Zn
powder (~70 wt%) with the gelled electrolyte (~30 wt%) and a proprietary surfactant (< 1
wt%). This was done in two steps. First, the surfactant was mixed with the gelled
electrolyte using the paint shaker for 15 minutes. Then, after adding the Zn powder, the
mixture was shaken for 25 minutes.
2.2.2 Isolation Cell Design and Assembly
In order to investigate the discharge behavior of Zn particles, two different cells
were designed. The first cell was an “Isolation Cell”, whose purpose was to investigate
the macroscopic discharge behavior of single large Zn particles in the gelled electrolyte.
This cell, shown in Figure 2.1a, is comprised of a 4.5×1×2 mm channel set between a
current collector (tin-plated brass rod) and a square EMD cathode pellet, which is
representative of the 1-D path from the current collector to the separator in an alkaline
AA cell. The cell is assembled by first placing the cathode pellet, wrapped in separator
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Figure 2.1 Isometric views of the two cells designed for use in this study. (a) Isolation
Cell (b) Cylindrical Operando Cell with a transparent viewing window at the top.
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paper, in the Delrin® housing. Biwax (Cymer LLC, Decatur, TN) is applied to the
current collector channel and the tab channel for sealing, and the current collector and
piece of nickel tab are inserted in their respective grooves, where the nickel tab is located
above the pellet and under the separator. The desired components are added to the
channel between the current collector and separator – anode slurry or larger particles
suspended in gelled electrolyte – and the cell is enclosed by applying a silicon rubber
sheet (McMaster-Carr, Part No. 5787T31) and a transparent viewing window. Finally, the
cell is clamped and sealed by applying a bottom plate, top plate, and tightening the bolts.
2.2.3 Operando Cylindrical Cell Design and Assembly
The second cell that was designed in this study was a cylindrical “Operando
Cell”. This cell has two versions, one with a transparent window (Figure 2.1b) to view incell conditions and the progression of the reaction domain during discharge, and the other
with a pressure transducer at the top to monitor the in-cell hydrogen gas pressure. These
cylindrical cells possess the same geometry as a ¼-height AA battery, as well as the same
Zn/EMD ratio and electrolyte composition, and consists of 5 main fixtures: bottom plate,
Delrin® housing, steel main housing, viewing window and top plate. O-Ring gaskets
(EPDM Rubber, McMaster-Carr, Part No. 5787T31) as well as silicon rubber sheet
(McMaster-Carr, Part No. 5787T31) were used to seal the fixtures. There are several
steps for assembling the cell. First, a carbon nanotube ink (Tuball SWCNT 0.05% in 2propanol) was applied as a thin coating to the inside of the steel main housing and
allowed to dry. Next, a Duracell commercial EMD cathode pellet was pressed by hand
into the steel main housing, which was then placed into the Delrin® housing. Rolled
separator paper (PA25, PDM Industries) was placed into a groove at the bottom of the
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Delrin® housing and allowed to expand, touching the cathode pellet. After being placed
in the cell, the separator was wetted with 240 μl of liquid electrolyte. Finally, the slurry
was poured into the cell. A tin-plated brass rod, inserted into the bottom-center of the
Delrin® housing, was used as the current collector. After enclosing the main chamber
with either the viewing window or the pressure transducer mount, the cell was sealed
using bolts through the top and bottom plates. The final, assembled cells are shown in
Figure 2.2.
2.2.4 Electrochemical Characterization
Cells were conditioned at open circuit for 4 days after assembly in order to allow
the water in the cells to be equilibrated. The assembled cells were discharged at multiple
constant loads which allow the cell to discharge at different rates: 400, 186, 80, 40, 19, 9
and 4 . 40  was selected because it is equivalent in these ¼ height cells to the Hong
Kong Consumer Council (HKCC) test

215

, which is an industry standard for deep

discharge gassing and leakage. The other six discharge rates were selected to provide a 3order of magnitude range upon which to observe trends that is liner on a log scale.
Identical to the HKCC test, the Operando Cells were discharged at constant load
for 96 hours and then rested for 24 hours. The external load was applied using a resistor
substitution box (Model RS-500), and the cell voltage was measured every 10 seconds
using a Graphtec midi Data Logger (Model GL-240, DATAQ Instruments Inc.). The
amount of charge that is passed (Coulombs) was determined by calculating the area of
under voltage vs. time curve and dividing it by the applied load. Using the amount of
charge passed, the capacity was calculated using the Zn mass in the anode column
(mAh/gZn).
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Figure 2.2 Assembled cylindrical operando cell (a) transparent viewing window on top
(b) pressure transducer on top. Electrical contacts between the cell and data logger are
made from the screw on the left side of the cell to positive channel (cathode) and from
the bolt at the bottom of the cell to the negative channel of data logger (anode).

72

2.2.5 Physical Characterization
During the constant discharge experiments with the operando visualization cell,
still images were taken every 10 minutes using a Celestron Handheld Digital Microscope
Pro (Model #44308). These images were used to provide a macroscale understanding of
the reaction domain in the anode throughout the discharge. Moreover, the in-cell images
made it possible to observe both cell passivation phenomena and the formation of the
black Zn during discharge. These images were time stamped in order to allow the
physical state of the cell to be exactly correlated to the cell discharge curves. The cells
were also observed after discharge for 24 hours in order to monitor the macroscopic
changes of discharged Zn products when the cell potential was allowed to recover to its
open circuit voltage.
In the operando pressure cell, the cell pressure was monitored using a pressure
transducer (Model #MP40B-2000G, Micron Instruments). The cell pressure was recorded
every 10 seconds and time stamped in order to allow the cell pressure to be exactly
correlated with the discharge state of the cell as well as the cell potential. The pressure
data was collected by a Graphtec midi Data Logger (Model GL240, DATAQ Instruments
Inc.).
Finally, high resolution ex-situ images were captured to understand the nanoscale
morphological changes of the Zn particles during discharge. The images were collected
on sampled at several locations throughout the anode column using a FEI Quanta FEG
250 scanning electron microscope (SEM). Samples were collected at different times of
deep discharge under 40  load from two different regions of anode column (close to the

73

separator and current collector) and were rinsed with acetone and methanol before
imaging.
2.3

Results and Discussion

2.3.1 Pore Scale Modeling of Zn Slurry Anodes
A model for the effective electronic conductivity of a gelled zinc anode was
initially proposed by Cheh et al.in 1994 216, which applied a Bruggeman approximation to
each of three parallel conduction pathways: zinc, zinc oxide and mercury, Equation (2.1.
1.5
1.5
1.5
 eff =  Zn Zn
+  ZnO ZnO
+  Hg  Hg

(2.1)

Where k is the intrinsic conductivity of component k and k is the solid volume
fraction of component k. In modern alkaline batteries, mercury has been eliminated due
to its hazard as an environmental toxin. Also, in a fresh anode the zinc has not been
oxidized so there is no solid ZnO present. This reduces the approximation to
1.5
for undischarged zinc, which has broadly been used in the battery modeling
 eff =  Zn Zn

literature to approximate the effective media properties including electrical conductivity
217-220

.
However, in gelled slurry electrolytes with particulate zinc anodes, this

approximation is inadequate. For example, as described previously, the preparation of the
anode slurry in a gelled electrolyte at a mass ratio of ca. 70:30 Zn:electrolyte. Given a Zn
density of 7.14 g/cm³ and the KOH gelled electrolyte density of 1.34 g/cm³, the solid
volume fraction of Zn is only 0.305. From the electronic conductivity of pure zinc
(1.66×105 S/cm) 221 and the solid volume fraction, Equation (2.1 can be used to calculate
the conductivity of a typical anode in this work, 2.80×104 S/cm. This does not compare
well with experimental values measured at Duracell for these anodes, 180 ± 3 S/cm. The
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reason for the poor link between experimental observations and the Bruggeman
approximation is that at solid volume fractions of 0.305 very few particles that are in
physical contact with one another, which is insufficient for electronic percolation. Yet
these anodes remain electrically conductive, suggesting that a more advanced model
accounting for this lack of electrical contact between particles is needed.
In this work, a new gelled anode conductivity model was built into the
commercially available material modeling software, GeoDict. Geodict can be used to
both virtually design and analyze composite materials. Within Geodict, one can generate
a three-dimensional representative volume element (RVE) of pore scale elements, which
in this case was zinc particles suspended in a gelled electrolyte. The RVE is generated
using the material modeling module “GrainGeo” and the analysis module
“ConductoDict” can be used to calculate the thermal conductivity (ThermoDict
submodule) or electrical conductivity (ElectroDict submodule). The latter was used to
calculate the effective electrical conductivity tensor of the anode RVE. A detailed
explanation of the solution method used in the Conductodict module was given by
Wiegmann et al 222.
The first step was to create the RVE. In general, the zinc particles used in alkaline
anodes can range in shape and size, and are mostly aspherical. Here, the zinc particles
were simulated by ellipsoids where their sizes and distribution were estimated from the
analysis of several SEM images (Figure 2.3a). The major and minor diameters of each
ellipse were measured from the micrograph and fit to a lognormal distribution. The
resulting distribution parameters were used as input data to create the RVE using the
lognormal distribution of ellipsoids in the material modeling module GeoDict>GrainGeo
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(Figure 2.3b). The generated RVE was a 750um cube with a 1 um voxel size and a Zn
solid volume fraction of 0.305.
A network cluster analysis was performed on the anode RVE in order to
determine the extent of electronic percolation in the gelled anode (Figure 2.3c). Here, a
cord was drawn between the center of all adjacent particles that were in physical contact.
Two very important things were discovered. First, each particle is only in contact with a
few neighboring particles. Second, at the size scale of the RVE, electrical current cannot
percolate from one side to the other through a network of conductive zinc particles.
Since the electrolyte is not sufficiently electronically conductive and the zinc particles do
not form a percolating network, an alkaline anode might not be expected to pass charge,
but in fact it does as proven by the millions of AA alkaline batteries in use everyday.
Therefore, there is another electron transport mechanism at work in operating alkaline
batteries that has not been explained to date.
One possible mechanism to carry the electrical charge through the gelled anode
with very poor particle-to-particle contact is redox interaction between the particles.
More specifically, intra-particle electronic conductivity, where charge is carried from one
side of a specific particle to the other, occurs through conduction. However, the interparticle electronic conductivity is achieved through coupled redox reactions where ions
act as electron carriers from one particle to another. Hence, the electronic and ionic
conductivities are coupled – and both important for simulation. Similar redox electrolyte
mechanisms have been proposed for other systems

223-232

. An illustration of this

phenomena in a gelled alkaline anode is shown in Figure 2.4a. A redox electrolyte model
was built in Geodict using the 3D anode RVE discussed above and the effective conducti-
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Figure 2.3 (a) Estimating shape data from 2D SEM micrographs of undischarged Zn; (b)
RVE of zinc anode using lognormal distribution input to create a facsimile of the
composite anode; (c) Network cluster analysis of 0.305 solid volume fraction Zn RVE.

77

vity of the anode was calculated using the ElectroDict material analysis module. The
inputs for the calculation are the conductivities of the constituent materials (the electrical
conductivity of pure zinc for the particles and the ionic conductivity of the gelled KOH
electrolyte). The charge transfer between the zinc particles and the electrolyte was treated
as infinitely fast, which is supported by experimental data that has shown that the Zn
exchange current density is extremely high
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. This assumption allows the simulation to

move charge through the zinc as an electron and move through the electrolyte as an ion
due to the facile charge transfer at the interface. Since the bulk electrolyte (containing
both KOH and dissolved ZnO) conductivity was used in the calculation, the model was
unable to discern which ion(s) were moving. This was determined experimentally in the
Isolation Cell, the results of which will be discussed in the next section. To solve the
computational model, the potentials at the boundaries of the RVE in the flux direction
were defined as 10 mV and 0 mV, respectively, allowing the GeoDict solver the calculate
an effective electronic conductivity of 244 S/cm. This compares favorably with the with
the experimental value (180 ± 3 S/cm), suggesting that the main electronic conduction
mechanism in alkaline battery gelled electrolytes is a redox electrolyte mechanism where
the negative charge moves between conducting particles through redox reactions.
2.3.2 Experimental Investigation of the Redox Electrolyte Mechanism
In order to experimentally determine the directionality of ion movement in the
redox electrolyte electronic conduction mechanism in discharging AA batteries, the
discharge of two Zn particles was investigated in the Isolation Cell. Though the average
size of Zn particles used in AA batteries is in the range of 100 microns (Figure 2.3a), in
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Figure 2.4 Investigation of the redox electrolyte mechanism in discharging alkaline cells.
(a) Illustration of the directionality of ion flow during the redox electrolyte mechanism,
which creates steep concentration gradients of zincate moving from current collector to
separator, as well as hydroxide moving from separator to current collector. Visual images
are shown for two discharging Zn particles – one connected to the current collector and
the other floating freely – at discharge times of (b) 0 h, (c) 1.25 h, (d) 6 h, and (e) 14 h
under 5 k load. Note that the slight browning of the “touching” particle during
discharge is due to some Cu plating coming from corrosion of the current collector.
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order to understand the discharge behavior of Zn, the Isolation Cells were assembled with
two large Zn granules (twisted Zn particles) located inside the gelled electrolyte, as
shown in Figure 2.4b. These large granules were used because their behavior can be
tracked easily during operation using an optical microscope. In Figure 2.4b, the anode
current collector and EMD cathode pellet covered with separator are shown on the left
and right side, respectively. In between the two is the gelled electrolyte with the two Zn
particles arranged such that one particle is touching the anode current collector and the
other (on the right) is floating freely. The electrical contacts are made from a nickel tab
and tin-plated brass rod current collector for the cathode and anode side, respectively.
Charge was passed through the external circuit by applying a constant 5 k load.
During the discharge, Zn dendrites grew onto the left side of the freely floating Zn
particle during discharge (Figure 2.4c-e), eventually closing the gap between the two
particles. This suggests that Zn(OH)42- is moving in the reverse direction of the reacting
front – dissolving from the particle in contact with the current collector and depositing on
the freely floating particle. Thus, OH- must move in the opposite direction (in a ratio of 4
hydroxides per zincate) in order to have a net motion of charge in the direction of the
current collector – as illustrated in Figure 2.4a. Also, throughout the discharge, low OHand water and high zincate concentration areas are being produced, reducing ion
mobility. This discovery of the redox electrolyte mechanism in discharging alkaline cells
might have significant implications during the discharge of commercial AA batteries.
Therefore, the cylindrical cells were used to understand the operando manifestations of
the redox electrolyte mechanism. Cells with the transparent window made it possible to
investigate whether these high surface area structures are also formed in real batteries,
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where they are formed, under what conditions, as well as how their emergence can be
related to the depth of discharge.
During the 4 days of equilibration time for the Operando Cells, the OCV was
continuously measured and found to be consistent with commercial AA cells (~1.60 V).
The first set of cells were discharged at a 400  constant load for 96 hours, after which
the cells were allowed to rest at open circuit for 24 hours. Figure 2.5a shows the
discharge curve for a representative cell, which shows a very slow cell voltage decrease
from 1.60 V to 1.29 V. The cell was then allowed to rest for 24 hours where the cell
voltage increased back to an open circuit value of 1.36 V.
Figure 2.5b-d shows in-cell images at different times throughout the discharge at 400 .
In these images, the anode column filled with slurry can be seen in the middle with rolled
separator at the perimeter, as well as a red silicon rubber sheet on top of the cathode
pellet. Before starting the cell discharge, the slurry looks shiny from the metallic Zn
(Figure 2.5b). During the first 12 hours of discharge, some phase separation of the slurry
occurs due to dehydration of initial Zn particles in the gelled electrolyte at low current
densities (Figure 2.5c) and an increase in pressure from 35 to 48 psig (Figure 2.5a). After
approximately 12 hours, the emergence of Type I ZnO can be observed (Figure 2.5d),
which appears as a white color close to the separator. As the cell is further discharged to
96 hours, the particles near separator becomes more passivated; however, the cell is not
completely passivated.

Interestingly, during discharge the Zn slurry region became

darker, though only moderately so, homogeneously throughout the anode column. After
discharge, the cell pressure slightly increased from 48 to 58 psig (Figure 2.5d-e).
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Figure 2.5 Cell voltage and pressure curve as well as time series events during discharge
and recovery at 400 . (a) Polarization curve showing the changes in cell voltage during
discharge (96 hours, 1.6 V to 1.29 V) and during recovery (96-120 hours, 1.29 V to 1.36
V) as well as the changes in hydrogen partial pressure; (b) in-cell image before discharge;
(c) in-cell image after 12 h discharge; (d) in-cell image at the end of discharge; (e) in-cell
image after 24 h rest.
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The next set of cells were discharged at 40  to be consistent with the HKCC.
The overall behavior at 40  was very different and much more interesting than what
was observed at 400 . The discharge curve for a representative cell as well as the in-cell
pressure changes during and after discharge are shown in Figure 2.6a. During the 40 
load discharge, the in-cell hydrogen pressure remained nearly constant, which shows that
hydrogen evolution occurs either very slowly at this discharge rate, or not at all, likely
because the anode potential becomes sufficiently high to make the hydrogen evolution
reaction unfavorable. However, after discharge and during recovery, the pressure
increased significantly – suggesting that Zn corrosion and H2 gassing suddenly happens
at a very high rate upon rest back to the OCV. Also different at this higher discharge rate,
the formation of Type I ZnO was not homogenous; it started from the cathode/separator
interface and moved towards the center of the cell as the discharge continued. Though
this layer is loose and porous, and does not entirely block the Zn surface

158,160,234

, it

decreases the ionic conductivity between the electrolyte and Zn surface. After 18 hours of
continuous discharge, this migration of Type I ZnO towards the center of the anode
column culminated in the rapid formation of a very dark, black ring (Figure 2.6c).
Approximately four hours later, the area outside this black ring was passivated by white
Type II ZnO

158

and cell voltage precipitously declined. This structure of a dark black

ring surrounded by white passivated ZnO persisted until the end of the 96 h discharge
(Figure 2.6d). Though the black ring was present until the end of the discharge (Figure
2.6d), it rapidly disappeared after the cell was allowed to rest to open circuit (Figure
2.6e). The disappearance of the dark ring was accompanied by an immediate and rapid
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Figure 2.6 Cell voltage and pressure curve as well as time series events during discharge
and recovery at 40 . (a) Polarization curve shows the changes in cell voltage during
discharge (96 hours, 1.6 V to 0.07 V) and during recovery (96-120 hours, 0.07 V to 1.05
V) as well as the changes in hydrogen partial pressure; (b) in-cell image before discharge;
(c) in-cell image after 18 h discharge; (d) in-cell image at the end of discharge; (e) in-cell
image after 24 rest at OCV.
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increase in the cell pressure (Figure 2.6a) from 36 to 193 psig. This phenomenon suggests
that the growth of this “black Zn” is the root cause for gassing after deep discharge. The
fact that it happens only during rest and not during discharge shows that the corrosion is
likely from the rapid reaction of high surface metallic Zn with the electrolyte, most likely
formed by the redox electrolyte mechanism under mass transport control. To show that
this is the case, samples were removed from two locations in the anode column from cells
discharged for 18 and 96 hours (four total samples) to investigate the structure of
discharged Zn/ZnO and imaged by SEM. A series of these images are shown in Figure
2.7.
Figure 2.7a shows the morphology of undischarged aspherical-shaped Zn
particles. Figure 2.7b,c show the structure of discharged Zn/ZnO collected from regions
near separator after 18 hours of continuous discharge at different magnifications. Figure
2.7c shows Zn particles surrounded by Type I ZnO with a cubic rod shaped and porous
structure. Figure 2.7d shows the structure of ZnO collected adjacent to the separator after
a 96 hour deep discharge, which showed a crust of Type II ZnO with coherent layer
formed underneath Type I ZnO particles. This configuration for both types of passive
ZnO is consistent with previously reported distributions of ZnO formed in alkaline
cells 223. Figure 2.7e,f show the structure of samples that were collected from the black
Zn ring after 96 hours discharge. This type of mossy structure for Zn with a black color is
consistent with that previously reported by Wang et.al 235. Zooming in, Figure 2.7f, these
black Zn deposits have very high surface area (~ 10,000 times the surface area of the
initial undischarged Zn powders), making them prone to rapid corrosion and gassing,
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which is in complete agreement with growth of dendritic structures in the Isolation Cells
that were discussed above (Figure 2.4b-e).
The same trends observed during the 40  HKCC discharge were also at higher
discharge rates, which are shown in Figure 2.8 for a 4  discharge. Again, black Zn
formation and Zn passivation occur subsequently, though at an earlier time and state of
discharge. The passivation behavior in this case was very similar to the 40  load
discharge, which can be seen in the zoomed image in Figure 2.8a. Again, the hydrogen
partial pressure remained nearly constant during discharge, however it increased rapidly
during rest back to OCV after discharge – accompanied by the disappearance of a black
Zn region (Figure 2.8b-e). Moreover, discharging the cell at such a high rate caused a
deformation of separator paper (Figure 2.8d,e).
In order to understand more about the balance between the kinetics and mass
transport during black Zn formation and cell passivation in alkaline cells, discharge
experiments were run at several loads. At low to moderate loads (high to moderate
discharge rates) – 4, 9, 19, 40 and 80 , Figure 2.9a – it was found that the time for the
emergence of black Zn and Zn passivation were linearly related to the applied load. This
suggests that the number of coulombs passed drive these two events. However, at lower
discharge rates, 186 and 400 , there was a deviation from the linear trend. In
combination, this shows that mass transport plays a key role in the formation of the
highly unstable black Zn as well as cell passivation in alkaline cells. In other words,
when higher resistances are applied to a cell, zincate has the opportunity to diffuse and
relax the gradients, along with the diffusion of water and hydroxide. As a result of these
relaxations, the relative time it takes for Zn to passivate and black Zn to form is extended.
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Figure 2.7 SEM images (a) undischarged Zn particles (b,c) Type 1 ZnO around Zn
particles (d) Type 2 ZnO layer underneath Type 1 ZnO surrounding a Zn particle (e,f)
high surface area Zn deposits within the black ring.
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Figure 2.8 Cell voltage and pressure curve as well as time series events during discharge
and recovery at 4 . (a) Polarization curve shows the changes in cell voltage during
discharge (96 hours, 1.6 V to 0.005 V) and during recovery (96-120 hours, 0.005 V to
1.11 V) as well as the changes in hydrogen partial pressure (b) in-cell image before
discharge (c) in-cell image after 1 h discharge (d) in-cell image at the end of discharge (e)
in-cell image after recovery.
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Interestingly, the ratio of charge passed until the formation of the black Zn and
cell passivation (QblackZn/Qpassivation) is essentially identical regardless of the load (Figure
2.9b) with an average value of 0.79. Hence, the black Zn formation and cell passivation
events are linked together in alkaline cells, making the formation of black Zn a sign of
impending cell passivation. Therefore, it is possible that finding mechanisms to increase
mass transport in these cells could be the key to avoiding rapid cell gassing from deep
discharge. One such approach might include supply excess electrolyte, which might be
possible in some formats, though it should be also noted that this is not possible in
commercial alkaline batteries because of space limitations.
To further illustrate the importance of mass transport in discharging alkaline cells
with a slurry anode, the depth of discharge (DoD) was calculated at different times during
discharge for three discharge rates: 400, 40 and 4  (Figure 2.10). In all of these cells,
there were two distinct slopes observed – with the transition between slopes occurring at
the cell passivation event. Figure 2.10 shows this behavior for cells discharged under 4
and 40  load. Initially, Zn utilization increases linearly until cell passivation, which
happens at 43% DoD after 8 hours for 4  and 72% DoD after 22 hours for 40 . At 400
, cell passivation does not occur until 220 hours, though the DoD trend is still linear
during this time. Therefore, mass transport processes limit cell performance – not only
passivation, but black Zn formation and corrosion. As a result, it is highly desirable to
explore solutions that increase mass transport in these cells in order to avoid cell rupture
in commercial batteries.
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Figure 2.9 (a) Linear relationship of Zn passivation (R2=0.9974) and black Zn formation
(R2=0.9924) with high discharge rate; (b) ratio of charged passed until black Zn
formation to passivation showing average value of 0.79 for all loads which are equally
spaced on logarithmic scale.
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2.4

Summary
In this chapter, the root cause for cell rupture of commercial AA batteries was

explored and explained – with some new and very exciting outcomes, including a new
understanding of the electron transport mechanism in Zn slurry anodes and the
identification of highly corrosion-prone high surface area Zn during discharge. It was
found, through a combination of multiphysics modeling and a new experimental platform
that was able to visually explore the structural changes of isolated Zn particles during
discharge, that the Zn slurry anodes in primary alkaline cells transport electrons through a
redox mechanism – with zincate moving in the opposite direction of current flow and
depositing on the reacting Zn at the separator interface. This mechanism results in the
deposition of high surface area Zn with a black coloration during the discharge, which
was observed during operation in a second new experimental platform that was spatially
identical to a ¼ height cross-section of a AA cell. After the discharge, when the cell rests
back to OCV, the black Zn formed during the discharge can rapidly corrode, releasing a
considerable amount of H2 gas, which in practical systems (e.g. AA cells) increases the
pressure beyond the vent threshold – resulting in cell rupture. Furthermore, discharging
cells at different loads showed that the formation of black Zn and occurrence of cell
passivation are linked together from state of charge perspective, and both controlled by
mass transport. Hence, enhancing mass transport in primary alkaline cells, particularly
AA’s, can reduce the rate of cell gassing and the frequency of cell rupture. Finally, the
significant shape change during discharge that was observed in this chapter highlighted
the importance of Zn structure, shape and size which will be investigated in more depth
in the next chapter.
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Figure 2.10 Comparison of depth of discharge during 96 hours deep discharge for three
different discharge rates.
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3

CHAPTER 3 STRUCTURAL EVALUATION OF ZN ANODES

THROUGH DESIGN OF WELL-FACETED ELECTROLYTIC ZINC
3.1

Brief Overview and Approach
In Chapter 2 it was observed that the H2 gassing in alkaline cells is linked to the

structural changes of Zn particles during discharge and corrosion processes. However,
thus far, it is not known which facet of Zn is prone to gassing. Therefore, there is an open
question in the literature about the influence of Zn structure (with different facets) on the
performance of Zn anodes as noted in Chapter 1. Conventional commercial Zn anodes are
formed from large, polycrystalline particles with limited control over the shape and size.
In this chapter, preferentially oriented electrolytic Zn (e-Zn) particles with hexagonal
shape and controlled size (~100 μm) were synthesized and physically characterized by
SEM, XRD and BET techniques for the first time. The results of texture analysis for the
major facets of Zn from XRD spectra were combined with the images obtained from
SEM. Then, the corrosion, discharge and cycling behavior of e-Zn particles were
analyzed

using

LSV

and

chrono-potentiometric

methods

in

three-electrode

electrochemical cells with KOH alkaline media. Pressure transducer cells were used to
measure real-time H2 evolution rate. Furthermore, e-Zn electrodes were successfully
scaled up on mesh-type substrates and tested in both symmetric and full cells. In addition,
a comparison between alkaline vs. mild acidic electrolyte was made in terms of structural
changes and reversibility of preferentially oriented e-Zn electrodes.
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3.2

Experimental

3.2.1 Electrodeposition of e-Zn on wire substrates
e-Zn particles were synthesized in a custom-built three-electrode electrochemical
cell at room temperature using an Autolab M101 potentiostat. Ni wires (1.0 mm dia,
99.5%, Cat. No AA14337G6, Alfa AesarTM) and Al wires (1.0 mm dia, 99.999%, Cat. No
AA10747G5, Alfa AesarTM) were used as working electrodes for electrodeposition. Prior
to electrodeposition, the working electrodes were sonicated in acetone for 20 min to
degrease the surface and then rinsed with 18.2 MΩ cm deionized (DI) water (Millipore
Quantum® TEX, Cat. No QTUM0TEX1). To minimize any oxide layer on the Al
surface, Al wires were further pretreated for 10 s in 5M KOH (Potassium hydroxide
pellets, Cat. No P250-3, Fisher Chemical) immediately before electrodeposition and then
rinsed with DI water. During deposition, the approximate immersion depth of the wires
was 2 cm. In all cases, Zn wire (1.0 mm dia, 99.95%, Cat. No AA42705G9, Alfa
AesarTM) and Hg/HgSO4/Saturated Na2SO4 (CHI 151, CH Instruments) were used as the
counter electrode and reference electrode, respectively. A schematic of the threeelectrode electrochemical cell is shown in Figure 3.1a. The deposition process to make eZn was carried out at a current density of 143 mA cm-2 for 30 min in 10 mL of 1 M
ZnSO4 (Zinc sulfate heptahydrate, Cat. No Z68-500, Fisher Chemical). To create terraced
features on the e-Zn particles, some of them were subsequently heat-treated in a tube
furnace under the flow of N2 gas (5.0 UHP, Praxair - ramp rate of 10 ̊C min-1) for either
24 h at 250 ̊C or 1 h at 400 ̊C.
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Figure 3.1 Schematic of three-electrode electrochemical cells used in this study for (a)
electrodeposition in small scale on wire substrates, (b) corrosion (LSV) and
electrochemical discharge and cycling analysis, (c) electrodeposition in large scale on
mesh substrate in a beaker type cell (top view).
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3.2.2 Physical characterization of e-Zn
Field emission scanning electron microscopy (FESEM, Zeiss Ultra plus) was used
to investigate the morphology of the electrodeposited Zn at 5 kV electron energy. X-ray
diﬀraction (XRD) patterns were collected using a Rigaku MiniFlex II with a Cu-Kα
radiation source (α = 1.5406 Å) operated at 30 mA and 15 kV and D/teX Ultra detector
between 10°–90° 2θ at a scan rate of 2 ° min-1. Brunauer, Emmet and Teller (BET)
surface area measurements were carried out using a Micromeritics ASAP 2020 with Kr
as the adsorbent. Krypton was used instead of nitrogen due to its high accuracy for lower
surface area (i.e., large particle) samples.
3.2.3 Electrochemical characterization of e-Zn on wire substrates
Discharge and cycling (charge/discharge) experiments were performed on the eZn (on Ni wire) working electrodes in a three-electrode electrochemical cell in both 35%
KOH and 1 M ZnSO4 at room temperature. Ni wire was used as the counter electrode,
while a Hg/HgO/5 M KOH (CHI 152, CH Instruments) electrode was the reference.
Whatman filter paper (P8, Cat. No 09-795A, Fisher Scientific) attached to a plastic
syringe was used as a separator between the counter electrode and the working electrode
(Figure 3.1b). Potentiostatic linear sweep voltammetry (LSV) was performed in the same
three-electrode cells as the discharge experiments to quantify the corrosion rate. Prior to
each LSV measurement, the working electrode was equilibrated in the 35% KOH
electrolyte for 30 min to stabilize the open circuit potential (OCP). Then, the LSV
measurements were made at a sweep rate of 0.2 mV s-1 from -0.1 to 0.1 V vs. OCP.
Moreover, the real-time hydrogen gas evolution of e-Zn and Zn powder (Cat. No Z5-500,
Fisher) was monitored by exposing the same mass of Zn (50 mg) of e-Zn on Ni wire and
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Zn powder to 600 μL 35% KOH electrolyte in pressure transducer cells and the H2 gas
evolution rate of e-Zn was compared with Zn powder and commercial Zn.
3.2.4 Electrodeposition of e-Zn on Ni mesh substrate
In order to use e-Zn in typical coin cells or cylindrical cells, a method was needed
to scale-up the electrodeposition process. Thus, e-Zn-coated mesh electrodes were
prepared using a similar electrodeposition method to the wires. To do this, Ni mesh (400
nickel woven mesh sheet, Part No MO-100-0045-02) was used as the working electrode,
while four Zn rods (0.5 in. dia., >99.9%, Cat. No AA00422BT, Alfa AesarTM) and
Hg/HgSO4/Na2SO4(saturated) were used as the counter electrode and reference electrode,
respectively, in a beaker-type cell (Figure 3.1c). The dimension of exposed mesh
electrodes in the electrolyte was 7×6 cm2 which resulted in 84 cm2 geometric surface area
considering both sides of the rectangular mesh. The electrodeposition was performed at
100 mA cm-2 by applying a constant current of 8.4 A using a current booster (Autolab
Booster20A) connected to potentiostat (Autolab PGSTAT302N) in 160 mL of 1 M
ZnSO4 electrolyte.
3.2.5 Symmetric coin cell fabrication and testing
From the larger electrodeposited mesh, disks were cut with a geometric area of
1.76 cm2. Symmetric cells were assembled in CR2032 coin cells (Hohsen Corp.) in air
with electrolytic Zn-coated Ni mesh (e-Zn@Ni) with and without heat-treatment placed
on both sides of the separator (Whatman filter paper). 40 µL of either 35% KOH or 1 M
ZnSO4 electrolyte was pipetted to both sides of the separator during assembly. After the
spacer disk, spring, and the anodic cap of the coin cell were placed, the cell was crimped
with a MTI hydraulic press (MSK-110) to a pressure of 750 PSI. For Zn foil symmetric
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cells, high purity Zn foil (>99.994%, Cat. No AA11913FI, Alfa AesarTM) was used and
the same procedure was followed.
3.2.6 Full cell fabrication and testing
e-Zn@Ni/MnO2 full cells were assembled in cylindrical cells with the same
geometry as a ¼ height AA battery, as described in my previous work

5,236

. This cell is

equipped with a pressure mount that is connected to a pressure transducer (Model
#MP40B-2000G, Micron Instruments) to allow the in-cell pressure to be monitored in
real time during the test. To assemble the cells, a carbon nanotube ink (Tuball SWCNT
0.05% in 2-propanol) was dropped onto the inside of the steel main housing and allowed
to dry. Then, a commercial EMD cathode pellet was pressed into the housing, which was
then placed into a Delrin® housing. Rolled separator paper (laminated cellophane) was
placed into a groove at the bottom of the Delrin® housing and allowed to expand and
make a contact with the cathode pellet. A tin-plated brass rod was inserted into the
bottom-center of the Delrin® housing and acted as the current collector. Next, 240 μL of
liquid 35% KOH electrolyte as vacuum fill pre-shot was added onto the separator. To use
e-Zn@Ni electrodes in cylindrical cells, the larger electrodeposited mesh was cut into
4×1 cm2 rectangles. After that, a rolled e-Zn@Ni electrode was placed into the anode
column and 400 μL of 35% KOH electrolyte was added. Finally, the main chamber was
enclosed using a top plate with the pressure transducer mount and the cell was sealed
using bolts through the top and bottom plates.
Because the intention was to use these cells to study the rechargeability of the eZn@Ni anodes, the cells were intentionally anode limited. Therefore, the active material
loading of the anode was lower than cathode and the N:P ratio was 0.3-0.4. e-
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Zn@Ni/MnO2 full cells were tested at C/10 and C/20 (i.e. discharging the entire capacity
of the cell in 10 h and 20 h, respectively) at three depths of discharge (DoD): 5%, 10%
and 20%. Additional control experiments were done with Zn foil and Zn powder anodes,
also with an EMD cathode and 35% KOH electrolyte at the same N/P ratio. The foils
were used directly, in the same manner as the e-Zn mesh electrodes. The Zn powder
anodes were created by mixing 400 μL of 35% KOH with ~0.3 g of Zn powder using a
vortex mixer and then pipetted the resulting slurry into the anode column. Following cell
assembly, constant current charge/discharge experiments were conducted the targeted
DoD with a multi-channel BT2000 Arbin battery cycler. Cycling was terminated after the
discharge voltage reached to a cut-off value of 0.8 V.
3.3

Results and Discussion

3.3.1 Micron-sized hexagonal shaped e-Zn particles
In order to investigate the corrosion and reversibility of Zn surfaces, a method is
needed to synthesize Zn particles with controlled structure, though lower surface area to
avoid corrosion, in a single step. Electrodeposition is one such method, and it is already
used to create the electrolytic manganese dioxide (EMD) used as the cathode in primary
alkaline batteries. Zn electrodeposition can result in Zn particles with different
morphologies

237,238

, some better than others to be employed in practical systems. The

efficient Zn electrodeposition should result in non-dendritic structures as high surface
area Zn dendrites are prone to rapid H2 gassing. Despite the fact that electrolytic Zn
preparation might have promise and be scalable, there have been any reports of such
materials shown in the literature today that lead to truly improved performance in
secondary batteries with conventional chemistries.
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Herein, e-Zn particles were created in a three-electrode electrochemical cell on Ni
wires using a constant current electrodeposition method. The impact of current density on
Zn deposition in 1 M ZnSO4 electrolyte was examined and it was observed that at low
current densities (i.e. < 100 mA cm-2) Zn tended to grow as a film on the Ni substrate,
whereas at high current densities (i.e. > 100 mA cm-2) individual Zn particles with bulky
structures were produced. Figure 3.2a-h shows SEM images after deposition in which the
top and bottom row are related to low (~100 X) and high (~1000 X) magnification,
respectively. At 15 mA cm-2 a conformal coating of Zn was produced (Figure 3.2a,b),
whereas at 66 mA cm-2, small Zn crystallites appeared (Figure 3.2c,d). When the current
density was further raised to 75 mA cm-2, the size of Zn crystallites was increased, and
the grains became more distinct (Figure 3.2e,f). At a high current density of 143 mA cm2

, individual particle growth was observed with pores in between (Figure 3.2g,h).
In addition to having a size (20- 120 μm) that would be commercially preferred

due to its lower surface area and ease of handling, the e-Zn particles predominantly
possessed

a

hexagonal

morphology

and

no

dendrites

were

formed

during

electrodeposition. The corresponding potential responses during deposition at various
current densities are shown in Figure 3.2i. The more conformal coatings resulted in a
more stable and higher potential. At the highest current density, 143 mA cm-2, the
potential did not reach a stable value due to the pores that exist between the particles,
which allowed the electrolyte to reach the underlying electrode (Ni wire) and create a
mixed potential. As the current density was increased, the potentials shifted to more
negative values as the kinetic overpotential increased, though the open circuit potential
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Figure 3.2 SEM images of e-Zn on Ni at (a,b) 15 mA cm-2 ~17.9 C (c,d) 66 mA cm-2 ~
61.6 C (e,f) 75 mA cm-2 ~ 89.8 C (g,h) 143 mA cm-2 ~163.5 C (i) Potential curves during
electrodeposition at different current densities.
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after deposition for all cases was the equilibrium Zn potential in the electrolyte (~ -1.40 V
vs. Hg/HgSO4). The evolution and growth of e-Zn particles on Ni was studied by varying
the deposition time at a constant current density of 143 mA cm-2 (Figure 3.3). It was seen
that Zn starts to nucleate as threads (30 s) and then platelets (5 min). As the time of
deposition increased to 10 min, the platelets were stacked on top of each other. After 20
and 30 min deposition, the size of particles was increased and the formation of boulder
type Zn structures was initiated. After even longer deposition times, i.e., 60 min, the
particles were excessively agglomerated. The effect of changing the substrate (Ni to Al)
on the structure of the Zn deposits was also investigated (Figure 3.4). The average mass
gained and yield of Zn particles on Al was lower than that of Ni. Moreover, Zn particles
on Al had tighter grain boundaries. This was evidenced not only by the SEM images, but
also by the deposition potential reaching a plateau even at high current density.
Additionally, there was a higher yield of particles on Ni and Al substrates. These led to
the selection of Ni as the preferred substrate. Because particle-type growth (instead of
conformal layer) is preferred based on the application needs as, well as the desire to
compare the corrosion and discharge/charge of e-Zn to conventional Zn architectures
(e.g. powder), from now on, the Zn particles formed on Ni wire at 143 mA cm-2 for 30
min – which resulted in the distinct, boulder-type morphology – are denoted as e-Zn and
were exclusively selected for further structural and electrochemical examination.
3.3.2 Chemical corrosion and electrochemical reactivity of e-Zn particles
Commercial Zn anodes typically employ Zn particles with oval-shaped
morphologies even though Zn has a hexagonal crystal structure. This means that there are
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Figure 3.3 (a) 30 s-2.6 C (b) 5 min-27.2 C (c) 10 min-54.5 C (d) 20 min-109.1 C (e) 30
min-163.5 C (f) 60 min-327.1 C.

Figure 3.4 SEM images of electrolytic Zn on Al at (a,b) 2 mA cm-2 (c,d) 36 mA cm-2 (e,f)
66 mA cm-2 and (g,h) 107 mA cm-2 (i) Potential curves during electrodeposition at
different current densities on Al wire substrate.
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often awkward uncoordinated defects and grain boundaries that can possibly have
desirable or undesirable effects.

Because e-Zn particles have very well oriented

hexagonal morphologies, it is possible to use them to better understand the behavior of
polycrystalline particles. In particular, it is possible to study which crystallographic
orientation of Zn is preferred from the perspective of balancing corrosion and discharge
rates, which is an exact reflection of practical parameters such as shelf-life and accessible
capacity.
Therefore, e-Zn particles were chemically corroded and electrochemically
discharged in 35% KOH. Figure 3.5a-i shows SEM images of isolated fresh e-Zn
particles as well as the Zn structures after various states of corrosion and discharge. As
the corrosion proceeds by increasing the time of exposure to 35% KOH from 1 min to
1000 min, small pits on the basal planes became increasingly visible (Figure 3.5b-e),
while the edge planes appeared to be less affected. When discharging isolated e-Zn
particles at 1 mA cm-2, the dissolution also appeared to start from the basal plane (Figure
3.5f). At a higher rate of 10 mA cm-2, basal plane dissolution happened with increased
depth, while the edge-planes seemed to be intact (Figure 3.5g). At 15 mA cm-2, the
emergence of hexagonal holes on the basal plane was clear (Figure 3.5h). The dissolution
pattern remained similar at a high rate of 20 mA cm-2 where the edges of the e-Zn
particles were retained from the initial structure (Figure 3.5i). Thus, both chemical
corrosion and electrochemical discharge of each individual Zn particle/grain originates
from the basal plane in 35% KOH and step-edge sites appeared to be more corrosion
resistant – suggesting that having more step-edge facets can be beneficial in terms of
reducing the corrosion rate of Zn particles.
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Figure 3.5 (a) Fresh e-Zn particle on Ni substrate (b-e) Chemical corrosion in 35% KOH
(b) 1 min (c) 10 min (d) 100 min (e) 1000 min; (f-i) Electrochemical discharge in 35%
KOH for 30 min (f) 1 mA cm-2 (g) 10 mA cm-2 (h) 15 mA cm-2 (i) 20 mA cm-2 (j)
Schematic representation of Zn hexagonal lattice structure (k) XRD of fresh e-Zn, after
1000 min corrosion and after discharge at different rates. (l) Real time H2 evolution
comparison of Zn powder, commercial Zn, and e-Zn.
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To be more quantitative regarding the crystallographic stability of these particles,
the three major crystal planes of Zn were analyzed by XRD before and after discharge:
basal plane (002) at 36.29 ̊, prismatic plane (100) at 38.99 ̊ and pyramidal plane (101) at
43.22 ̊ (Figure 3.5j-k). Relative intensity calculations were done for the three major
crystal planes from fitted XRD spectra with respect to a Zn source XRD pattern (03-0653358)

239

. It was found that the relative intensities for the prismatic plane remain nearly

constant after corrosion and discharge, indicating that preferential dissolution of Zn
happens from basal and pyramidal plane. This is in exact agreement with the imaging
results from Figure 3.5a-i, confirming that the step-edge does not corrode initially,
whereas the basal plane and pyramidal plane do.
3.3.3 Effect of structure and shape of Zn on H2 gas evolution
Since both corrosion and dissolution of Zn originate from the basal and pyramidal
plane, it is expected that e-Zn could be more corrosion resistant than conventional Zn
powder (which does not have a well-defined shape) and commercial Zn. To explore the
corrosion of e-Zn, conventional Zn powders and commercial Zn that are commonly used
in Zn anode slurries, the H2 partial pressure was monitored in real time in a closed vessel
with a pressure transducer. Here, the same mass of e-Zn, Zn powder and commercial Zn
were exposed to 35% KOH for 25 minutes. The surface area of e-Zn was less than Zn
powder, while the commercial Zn had a similar surface area to e-Zn (Figure 3.6a,b). As
shown in Figure 3.5l, the H2 gassing rate, i.e. Zn corrosion rate, was lower for e-Zn than
Zn powder and commercial Zn during the 25 min corrosion experiment. It was also
observed that H2 gassing proceeded in two stages. There was an initial gassing event,
where it is likely that small particles and surface imperfections were reacted relatively
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rapidly. This was followed by a slower rate, most likely the bulk corrosion rate of the
material. For Zn powder, there was a very fast release of H2 in the first 2 min, followed
by steady corrosion over the remaining experiment duration. On the other hand, H2
gassing for e-Zn appeared to nearly stop after the initial increase over the first 2.5 min,
suggesting that the hexagonal shape, large size and low surface area of e-Zn are
beneficial to reduce the Zn corrosion rate.
3.3.4 Effect of heat-treatment on the structure and stability of e-Zn particles
Since step-edge planes of Zn were less active in alkaline media than basal and
pyramidal planes from a chemical corrosion perspective, one pathway to further decrease
the corrosion rate could be to increase the number of step-edge planes vs. basal planes.
To accomplish this, the e-Zn particles were heat-treated in two ways: 1) 250 ̊C for 24 h;
or 2) 400 ̊C for 1 h (which is close to the melting point of Zn, 419.5 ̊C). From the SEM
images in Figure 3.7a-d it can be seen that both heat treatments resulted in the formation
of terraced-type Zn (t-Zn) particles. Again, XRD (Figure 3.6c,d) can be used to determine
the relative intensities for the three major Zn facets. It was found that the relative
intensity of the basal plane, prismatic plane and pyramidal plane were changed after heat
treatment compared to raw e-Zn. To be more quantitative regarding the structural
changes, the texture coefficient (TC) for each facet 240 was determined using Equation 3.1
and the results are shown in Figure 3.7e. In Equation 3.1, I(hkl) is the intensity of (hkl)
reflection peak, I0(hkl) is the standard intensity from the Zn source XRD pattern (03-0653358) and n is the number of reflection peaks that are taken into consideration for the
analysis. If the TC is larger than one for a given facet, it means that facet has been
preferentially oriented compared to a perfect infinite crystal 199,238. It can be seen that Zn
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Figure 3.6 SEM images of (a) Zn powder and (b) e-Zn (c) Relative intensities of fresh eZn and heat-treated terraced Zn (d) XRD of Zn powder, fresh e-Zn and heat-treated
terraced Zn.
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Figure 3.7 SEM images of heat-treated e-Zn with terraced structures (a-b) at 250 °C for
24 h (c-d) at 400 °C for 1 h (e) Texture coefficient of Zn powder, fresh e-Zn and heattreated terraced e-Zn.
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powder is randomly oriented since the TC is less than one for three major planes. The
pyramidal plane was preferentially oriented in e-Zn, whereas basal plane and pyramidal
plane are preferentially developed in t-Zn. The pyramidal plane is typically attributed to
the grain boundary, and, thus, the heat treatment causes the disappearance of grain
boundaries and replaces it with step-edges.
I(hkl)i I0(hkl)i

TC(hkl) =
1

n

I

(hkl) n

(3.1)

I0(hkl)n

An additional critical parameter in determining the corrosion rate of a material is
the surface area, where higher surface area Zn leads to higher corrosion rates

5,208,241

.

BET isotherms for e-Zn and t-Zn were collected using krypton as the working gas (Figure
3.8a). It was found that the e-Zn particles reported here possess significantly lower
surface area (818 cm2 g-1) than previously reported electrodeposited Zn particles
(>30,000 cm2 g-1)

241,242

. This was confirmed by the type II isotherm, which was

characteristic of a non-porous and uniform material. The heat-treatment further decreased
the surface area to 767 cm2 g-1 for t-Zn heated at 250 ̊C and 695 cm2 g-1 for terraced Zn
heated at 400 ̊C. The corrosion rate of e-Zn was lower than Zn powder as discussed
previously in Section 3.3. In addition to Zn powder, it was found that the corrosion rate
of e-Zn was lower than high purity Zn wire, which was compared by LSV (Figure 3.8b).
As shown in Table 3.1, the corrosion rate for e-Zn (1.09×10-4 mg cm-2 min-1) was 99%
less than Zn wire (9.94×10-3 mg cm-2 min-1). The corrosion rate was further reduced by
70% and 11% for t-Zn at 250 ̊C and 400 ̊C, respectively, compared to e-Zn. The
corrosion rates were calculated based on the BET surface area values for e-Zn and t-Zn,
while the geometric surface area was considered for Zn wire. These results were in
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Figure 3.8 (a) Kr adsorption isotherms (b) Tafel plots from linear sweep voltammetry of
Zn wire, fresh e-Zn and heat-treated terraced Zn in 35% KOH at 0.2 mV s-1.

Table 3.1 Measured kinetic parameters from LSV.
Corrosion
Corrosion
Anodic
Cathodic
potential
Corrosion rate
Sample
current (A Tafel slope Tafel slope
(V vs.
(mg
cm-2 min-1)
cm-2)
(V dec-1)
(V dec-1)
Hg/HgO)
Electrolytic Zn
1.09×10-4
-1.40
5.37×10-6
0.010
0.013
Terraced Zn@250 ̊C
3.25×10-5
-1.42
1.60×10-6
0.011
0.014
Terraced Zn@400 ̊C
9.73×10-5
-1.40
4.79×10-6
0.008
0.010
Zn wire
9.94×10-3
-1.43
4.89×10-4
0.013
0.012
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agreement with a study by Sun et al. where lower corrosion current was observed for
electrodeposited Zn (from 0.6 M zinc sulfate and 0.1 M ammonium sulfate electrolyte in
the presence of some organic

243

and inorganic

244

additives) which appeared to have

orientational order, though their electrolyte was more exotic. Hence, e-Zn and t-Zn have
very high corrosion resistivity and they can be used as novel anode electrode materials
with increased shelf-life in Zn-based batteries. However, for secondary battery
application the reversibility is also important, and it is thus the balance between
reversibility and stability should be carefully evaluated.
3.3.5 Reversibility of preferentially oriented e-Zn electrodes in alkaline media
After understanding the impact of crystallographic orientation and structural
features on corrosion and discharge behavior of e-Zn in particle-level, better matching to
the true reacting environment in a larger electrode scale was needed to explore for
reversibility, and thus, a new design based on e-Zn was proposed. Figure 3.9a shows
hexagonal e-Zn particles that were deposited onto larger format Ni mesh substrates (eZn@Ni) in order to allow for a more realistic Zn particle loading in larger format cells. In
this novel architecture, e-Zn particles are connected together, and thus, the electronic
conduction throughout the electrode is increased as opposed to traditional Zn slurry
anodes where Zn particles are not in continues contact with each other 5. After punching
out smaller electrodes from the larger mesh, Zn/Zn symmetric cells were constructed to
examine the e-Zn and t-Zn deposition/stripping behavior at constant current
charge/discharge in 35% KOH. Symmetrical cells were first cycled at 2 mA cm-2 for (1 h
charge and 1 h discharge, equivalent to 3% DoD) and the results are shown in Figure
3.9b,c. e-Zn was able to cycle for 110 h (55 cycles) with overpotentials less than40 mV
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Figure 3.9 (a) SEM image of e-Zn on Ni mesh (e-Zn@Ni). (b) Charge-discharge cycling
of e-Zn and t-Zn symmetrical cells in 35% KOH at 2 mA cm-2 (c) Overpotential
comparison of e-Zn and t-Zn in a zoomed region from 5 to 20 h. Post-cycled SEM
images of (d) t-Zn@250 ̊C and (e) t-Zn@400 ̊C. (f) Symmetric cell long-term cycling of
e-Zn@Ni at 20 mA cm-2.
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(η<40 mV) which is a fairly low overpotential and long cycle life in alkaline media
compared to the literature

245-248

. For example, in Pan’s study, the Zn foil symmetric cell

was failed after 6 cycles (~12 h) by hitting a sharp polarization (> ±1 V) at 0.24 mA cm -2
in 40% KOH

245

. t-Zn showed larger overpotentials (Figure 3.9c) than e-Zn and also

lower cycle life. The voltage profile for t-Zn@250 ̊C started oscillating (larger than 0.5
V) after 20 cycles (40 h), whereas the voltage oscillation for t-Zn@400 ̊C (η>0.5 V)
occurred after 45 cycles. The cell failure as a result of voltage oscillations was caused by
the generation of H2 bubbles, which may be surprising at first given that the t-Zn showed
lower initial corrosion rates. However, what happened was that as the t-Zn was cycled,
the reduced active area (basal plane) led to higher local current densities, premature
passivation and the formation of dendrites, as can be seen in Figure 3.9d,e where postcycled SEM images indicated the formation of cubic-rod shape ZnO particles as well as
dendritic Zn structures with sharp tips. These types of structures for Zn dendrites and
ZnO have been previously reported in the literature 5,249,250.
The durability of e-Zn was further studied at a higher current density, 20 mA
cm-2, for the same discharge time (equivalent to 30% DoD). As the current density
increased from 2 to 20 mA cm-2 in 35% KOH, the initial polarization was increased;
however, the cell was stable for 320 cycles (640 h) without any obvious voltage
hysteresis (η<250 mV), Figure 3.9f. It is clear from the insets in Figure 3.9f that the
cycling process was electrochemically stable due to the flat deposition and stripping
profiles. The reason for long-lasting performance at higher current density is lower
corrosion rate, and thus, lower H2 gas generation. It is worth mentioning that dendrite
growth and internal short-circuiting were suppressed here as evidenced visually. In
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addition, control experiments were performed using Zn foils under similar conditions and
it was observed that the cells failed after only a few (Figure 3.10). This is in agreement
with Zhang and co-workers who observed significant polarization (> ±2 V) using Zn foils
in 1 M KOH, even at lower rate of 0.1 mA cm-2 246. In addition, Wang et al. showed a
significant polarization (~ ±1 V) for cells with symmetric Zn foil electrodes in 6M KOH
at 0.2 mA cm-2

247

. This suggests that e-Zn can significantly improve the continuous

cycling performance by mitigating corrosion.
3.3.6 Rechargeability of alkaline e-Zn@Ni/MnO2 full cells
For secondary battery applications, Zn anodes can be coupled with different
cathode materials, such as various phases of MnO2 147,201,251, Ni
252

171

, Ag

170,187

and V2O5

in either alkaline 253,254 or slightly acidic media 245,255,256. Typically, alkaline-based

electrolytes deliver high energy and power densities due to the conversion reaction
mechanism, but limited reversibility, even at low DoD

257

. It should be noted that there

are two main issues with the ways that Zn anodes are typically tested: 1) using Zn foil
anodes, and 2) employing excess volume of electrolyte. For most studies, researchers
have used simple Zn foils as anode materials to investigate novel cathode materials or
electrolytes for Zn-based batteries

200,245,258

. According to a recently published review

article, 65% of all reported studies on Zn-air batteries employed Zn foil as the anode and
showed significantly poorer overall performance compared to other studies that utilized
Zn particles suspended in slurry or Zn sponges 200. The reason for the poorer performance
is that Zn foils have lower surface area compared to the particles, causing increased
polarization. Furthermore, most researchers tested the rechargeability of Zn anodes in
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Figure 3.10 Charge-discharge cycling of Zn/Zn symmetrical cell using Zn foil in 35%
KOH at 2 and 20 mA cm-2.

116

beaker-type cells with large volume of excess electrolyte, which is far from realistic
conditions and sidesteps the complications that come with Zn passivation as it is avoided.
Therefore, Electrolyte volume and Zn DoD have been determining factors in the
performance of rechargeable Zn anodes, and, therefore, they need to be evaluated
carefully upon cycling 191,259.
Here, the aim was to investigate the application of e-Zn@Ni anodes in full cells
with a more realistic cell architecture. Hence, commercial EMD (γ-MnO2) was used as
the cathode material, which can be rechargeable at < 40% of its first electron capacity 260,
though testing at 20% is most common and was chosen for this study. Anode-limited
cells were assembled and the effect of Zn DoD (i.e. 5%, 10% and 20%) on the cycling
performance of e-Zn@Ni/KOH/MnO2 was studied at two different C-rates (i.e., C/10 and
C/20). The average discharge voltage was calculated using Equation (3.2. The average
discharge voltage plays a critical role in determining the energy efficiency, which is an
important consideration in commercializing a certain battery technology. The discharge
cut-off voltage was set to 0.8 V.
discharge
Vaverage
=

1
t discharge



t discharge

0

V(t)dt

(3.2)

The rechargeability of e-Zn@Ni was first compared with Zn foil and Zn powder
at C/20 rate and 10% DoD. As shown in Figure 3.11a, e-Zn@Ni had superior cycling
performance, with the ability to cycle for 408 h (102 Cycles, Figure 3.11b). In contrast,
the Zn foil and Zn powder electrodes reached the cut-off voltage of 0.8 V after 92 h (23
cycles) and 72 h (18 cycles), respectively. The inset in Figure 3.11a of the voltage profile
also shows that the discharge and charge overpotentials were larger for Zn foil and Zn
powder in comparison to e-Zn@Ni, especially Zn foil, which was overcharged in the
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initial cycles. The H2 evolution rate during charging was also lower for e-Zn, which is
indicated by the much lower cell pressure and the less rapid increase in pressure with
cycle number. The premier cycling performance of e-Zn@Ni could also be attributed to
the enhanced electronic conductivity because of the contribution of the Ni as well as the
connection of Zn particles throughout the network.
As expected, recharging to a lower DoD did increase cycle life. For example, at
5% DoD and a C/20 rate, the cycle life of e-Zn@Ni was increased to 356 cycles (~712 h).
The pressure also increased initially, but leveled off after ~300 h, an oscillating between
15-20 Psig (Figure 3.11c). At a higher DoD of 20% and C/20 rate, the cell was only able
to cycle for 120 h (15 cycles). A comparison of cycle life for C/20 rate at different Zn
DoDs is provided in Figure 3.11d. At C/10, the results were between 5% DoD and 20%
DoD, shown in Figure 3.11e, with cells able to achieve 18 (~72 h), 145 (~290 h) and 361
(~361 h) cycles at 20%, 10% and 5% DoD, respectively. The corresponding cell voltage
profiles are presented in Figure 3.12. Clearly, both rate and DoD are important
parameters to consider for cycle life. A similar trend was observed by Ingale and coworkers where they used a similar testing protocol as this work to investigate the
influence of DoD and C-rate on cycle life in Zn-MnO2 cells

261

. The cycle life that was

achieved using e-Zn@Ni was comparable with their results at 20% MnO2 DoD (i.e. ~400
cycles), though they utilized a more sophisticated Zn anode by including additives and a
binder. Despite the fact that e-Zn was able to outperform conventional powdered Zn,
there is still improvement to be made. Introducing electrode and electrolyte additives and
binders, utilizing a gelled electrolyte and employing corrosion inhibitors could boost the
performance of e-Zn@Ni in Zn-based alkaline battery systems including Zn-air batteries.
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Figure 3.11 (a) Comparison of rechargeability and H2 evolution of e-Zn@Ni with Zn foil
and Zn powder anodes coupled with EMD cathode in 35% KOH at C/20 and 10% Zn
DoD. (b) Comparison of average discharge voltage as a function of number of cycles
between e-Zn@Ni with Zn foil and Zn powder anodes coupled with EMD cathode in
35% KOH at C/20 and 10% Zn DoD. (c) Rechargeability and H2 evolution of e-Zn@Ni
coupled with EMD cathode in 35% KOH at C/20 and 5% Zn DoD. Average discharge
voltage as a function of number of cycles at 5%, 10% and 20% Zn DoD during cycling of
e-Zn@Ni/35% KOH/MnO2 at (d) C/20 rate (e) C/10 rate.
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3.3.7 Reversibility of preferentially oriented e-Zn electrodes in mild acidic media
Another interesting modern twist on Zn-anode secondary cells has been the
introduction of Zn-ion batteries that utilize mild acidic electrolytes instead of traditional
alkaline electrolytes

262,263

. Here, Zn is incorporated in the cathode and plated/stripped at

the anode. According to its Pourbaix diagram, the surface of Zn should be free from
passivating oxide at mild pH, which is expected to improve the reversibility for Zn
deposition/stripping

147,201,246,264

. The lower pH should also delay passivation as well as

reduce corrosion (in mildly, not strongly, acidic electrolytes) and shape change
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. The

dendrite formation mechanism is also anticipated to be different from alkaline
electrolytes, because Zn2+ ions act as the charge carriers in mild acidic media instead of
zincate ions. However, whether Zn dendrites form in mild aqueous electrolytes in Zn-ion
batteries or not, is still controversial. Recently, Yang et al. reported the formation of Zn
dendrites in a Zn-ion battery at high current densities (~10 mA cm-2), but not at low
current densities (~1 mA cm-2) 249. Since the standard redox potential of Zn/Zn2+ (-0.76 V
vs SHE) is below H2 evolution potential (0 V vs SHE) in mild acidic media, H2 evolution
is also thermodynamically favorable. Despite the possibility of dendrite formation,
corrosion and H2 gas evolution in mild pH, ZnSO4 based electrolytes have shown better
reversibility in symmetric cells compared to alkaline KOH. For example, Zhang et al.
reported that Zn foil plating/stripping in symmetric cells can survive 25 cycles (50 h) at
0.1 mA cm-2 with overpotentials less than±0.1 V in 3 M ZnSO4, while in 1 M KOH the
cell failed after the first cycle by reaching to ±2 V overpotential

246

. Therefore, Zn

electrodes behave differently in mild acidic media. Yet, the influence of Zn electrode
structure/architecture on the reversibility has not been well-studied in mild acidic media.
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Figure 3.12 Cell voltage profiles of e-Zn@Ni/35% KOH/MnO2 during cycling at (a) C/20
and 20% Zn DoD (b) C/10 and 20% Zn DoD (c) C/10 and 10% Zn DoD (d) C/10 and 5%
Zn DoD.
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Given that the deposition electrolyte used in this study to synthesize e-Zn was 1
M ZnSO4, it is possible that starting with e-Zn particles might be able to improve the
reversible performance of such cells. In other words, there could be a synergistic effect
between the synthesized electrolytic Zn technique and reversible deposition/stripping of
Zn that impacts the reversibility. In order to investigate this phenomenon, first e-Zn
particles deposited on a Ni wire substrate were discharged and cycled in three-electrode
cell configuration with excess amount of electrolyte and the structural changes were
compared in 1 M ZnSO4 and 35% KOH electrolytes. Then, the reversibility of e-Zn@Ni
mesh electrodes was studied in symmetric coin cell geometry with a known volume of 1
M ZnSO4 electrolyte and compared with 35% KOH alkaline electrolyte.
The e-Zn particles on Ni wire were discharged at current densities of 1, 2, 5, 10,
20 and 50 mA cm-2 for 30 min. It was found that the Zn particles better retained their
structures – even at high current densities – in 1 M ZnSO4 (Figure 3.13) than they did in
35% KOH (Figure 3.5f-i). In KOH, Zn dissolution was initiated from the basal plane just
after discharge, causing the particle collapse. Recharging in 35% KOH at 0.2 and 2 mA
cm-2 also resulted in the growth of some mossy structures on the basal plane (Figure
3.14). However, the behavior of e-Zn in 1 M ZnSO4 was very different. Here, small
platelet-type Zn structures formed during cycling while the overall hexagonal shape of
the particles was mostly unchanged.
Next, the reversibility of e-Zn@Ni was tested in symmetric coin cells using 1 M
ZnSO4 electrolyte. The cycling performance of a symmetric e-Zn@Ni cell at 2 mA cm-2
is shown in Figure 3.15a. The e-Zn@Ni electrodes were able to cycle 1000 times (2000
h) in 1 M ZnSO4 with η<250 mV (the test was programmed to terminate after 1000
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cycles), which is far superior performance compared to 35% KOH due to much less
corrosion and H2 gassing. At a high rate of 20 mA cm-2 in 1 M ZnSO4, the cell showed
η<300 mV after 345 cycles (690 h) (Figure 3.15b), though the overpotential did increase
gradually to (> ±1 V) at ~700 h resulting in the cell failure. After the initial cycling, the
cells shown in Figure 3.15a,b were rested for a day to investigate the reversible behavior
after recovery from continuous cycling. It can be seen that after rest, the polarization
went down initially and then increased slowly. The reason for this behavior could be the
recovery of Zn from the discharged state, which increases the Zn utilization in
comparison with continuous cycling, as well as the removal of some H2 bubbles from the
electrode surface.
The products of post-cycled e-Zn symmetric cells were characterized by XRD
(Figure 3.15c). It was found that the diffraction peaks related to polycrystalline Zn were
present in all cases and the peak intensities were higher after cycling in 1 M ZnSO4
compared to 35% KOH, which confirmed that Zn could better retain its structure after
cycling in mild acidic electrolyte compared to alkaline electrolyte. Moreover, the peaks
related to ZnO were observed in both 35% KOH and 1 M ZnSO4. Different hydration
states of zinc sulfate hydroxide precipitates i.e. Zn4SO4(OH)6.nH2O were also found in
post-cycled electrodes in 1 M ZnSO4. The reaction mechanism for the formation of
Zn4SO4(OH)6.nH2O in full cells employing Zn anodes and ZnSO4 electrolyte has been
proposed previously 151,245,265,266. However, in this work, it was found that Zn4SO4(OH)6,
Zn4SO4(OH)6.H2O and Zn4SO4(OH)6.5H2O are formed in symmetric cells on both
charged and discharged state in symmetric cells without pairing to a cathode material in
full cell. The corresponding SEM images of e-Zn@Ni in both 35% KOH and 1 M ZnSO4
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Figure 3.13 SEM images of discharged e-Zn particles on Ni wire substrate in 1M ZnSO4
electrolyte at (a) 1 mA cm-2 (b) 2 mA cm-2 (c) 5 mA cm-2 (d) 10 mA cm-2 (e) 20 mA cm-2
(f) 50 mA cm-2 for 30 min.
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Figure 3.14 SEM images of cycled e-Zn on Ni wire substrate (1h discharge/ 1h charge) in
(a) 35% KOH at 0.2 mA cm-2 (b) 35% KOH at 2 mA cm-2 (c) 1M ZnSO4 at 0.2 mA cm-2
(d) 1M ZnSO4 at 2 mA cm-2.
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at 20 mA cm-2 are shown in Figure 3.15d-k. In 35% KOH, the formation of secondary Zn
structures with needle-type shapes as well as passivated ZnO structures can be seen on
both anode side and cathode side 5. Positively, in 1 M ZnSO4, e-Zn particles were able to
mostly maintain their structure and have a longer cycle life than other proposed Zn
anodes to date. This suggests that e-Zn might result in a very high performing Zn-ion
battery if paired with a suitable cathode material, though it should be noted that there are
still serious problems on cathode side of Zn-ion batteries that must be solved before
practical cells can be achieved 148,267.
3.4

Summary
As presented in this chapter, novel ~100 micron preferentially oriented Zn anodes

were created with large size and low H2 gassing rate. Different characteristics of these eZn particles were investigated, and it was found that the prismatic (edge) planes are more
corrosion resistant in alkaline media. Moreover, the e-Zn particles showed very stable
reversibility with low overpotentials in symmetric cells at a high rate of 20 mA cm-2 for
320 cycles in 35% KOH. Furthermore, in anode-limited alkaline full cells with
simultaneous real time H2 evolution measurement, e-Zn@Ni demonstrated far superior
reversibility and cycle life as well as lower corrosion rate compared to Zn powder and Zn
foil. Finally, applying the e-Zn particles to an electrolyte relevant to emerging Zn-ion
batteries showed excellent performance, including no dendrite formation upon cycling,
low overpotentials (typically < 0.2 V) and long cycle life without failure (2000 cycles)
under certain conditions. The findings of this study show that e-Zn is a very promising
material that can be implemented to enhance a wide variety of applications including
alkaline Zn, Zn-air and Zn-ion batteries. However, the improvement in discharge capacity
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and energy density is still needed. Therefore, a new pathway to enhance the capacity and
energy density of Zn anodes will be presented in the next chapter.
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Figure 3.15 Charge-discharge cycling of Zn/Zn symmetrical cell using e-Zn@Ni in 1 M
ZnSO4 at (a) 2 mA cm-2 (equivalent to 3% DoD) (b) 20 mA cm-2 (equivalent to 30%
DoD). (c) XRD patterns of fresh e-Zn@Ni and post-cycled e-Zn@Ni at 20 mA cm-2 in
35% KOH and 1 M ZnSO4 for both anode and cathode electrodes. SEM images of postcycled e-Zn@Ni at 20 mA cm-2 in (d,e) 35% KOH anode side (f,g) 35% KOH cathode
side (h,i) 1 M ZnSO4 anode side (j,k) 1 M ZnSO4 cathode side.
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4

CHAPTER 4 PARTIAL DEPLOYMENT OF ALUMINUM IN ZINC
ANODES

4.1

Brief Overview and Approach
As discussed in the previous chapters, Zn-MnO2 alkaline batteries have been the

dominant primary energy storage solution for decades. Despite their success, there is a
desire to improve their discharge capacity and energy density as they approach their
practical engineering limits. Since the capacity of alkaline batteries is limited by the Zn
anode mass, one possible pathway to enhance the energy density is to modify the Zn
anode with secondary materials that boost their capacity without sacrificing their
stability. Among different elements, Al can be a promising candidate since it has a ~3.5
fold higher theoretical gravimetric capacity than Zn. However, as pointed out in Chapter
1, a feasible approach to include Al in Zn anodes as well as the fundamental impact of Al
addition to alkaline cells is yet to be discovered. In the present chapter, partial
deployment of Al in Zn anodes was investigated to increase capacity and energy density.
To do that, Zn-rich electrolytic Zn/Al (e-Zn/Al) was synthesized, physically characterized
and exposed to a series of electrochemical methods in both three-electrode cells and
cylindrical full cells, including linear sweep and cyclic voltammetry, electrochemical
impedance spectroscopy, and charge/discharge cycling. In addition, electrochemical
quartz crystal microbalance was utilized to explore the influence of ZnO and Al(OH)3
electrolyte additives to KOH on Zn corrosion and passivation.
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4.2

Experimental

4.2.1 Electrodeposition of e-Zn and e-Zn/Al on wire substrates
e-Zn and e-Zn/Al were synthesized in a custom-built three-electrode
electrochemical cell at room temperature with an Autolab M101 potentiostat using a
procedure described previously for e-Zn in Chapter 3 6. Ni wires (1.0 mm dia, 99.5%,
Cat. No AA14337G6, Alfa AesarTM) were used as working electrodes for
electrodeposition. Prior to electrodeposition, the Ni wires were sonicated in acetone for
20 min to degrease the surface and then rinsed with 18.2 MΩ cm deionized (DI) water
(Millipore Quantum® TEX, Cat. No QTUM0TEX1). During deposition, the submersion
depth of Ni wires was 2 cm. In all cases, spiral form Zn wire (1.0 mm dia, 99.95%, Cat.
No AA42705G9, Alfa AesarTM) and Hg/HgSO4/Saturated Na2SO4 (CHI 151, CH
Instruments) were used as the counter electrode and reference electrode, respectively.
The deposition process was carried out at a constant current density of 100 mA cm-2 for
30 min in 10 mL of electrolyte. For e-Zn, the electrolytes were either 1.0 M ZnSO4 (Zinc
sulfate heptahydrate, Cat. No Z68-500, Fisher Chemical) or 1.0 M ZnCl2 (Zinc chloride
anhydrous, Cat. No Z33-500, Fisher Chemical). To synthesize e-Zn/Al, Zn precursors
(i.e. 1.0 M ZnSO4 or 1.0 M ZnCl2) were mixed with multiple concentrations (X = 0.05,
0.1, 0.2, 0.3, 0.4 or 0.5 M) of Al2(SO4)3 (Aluminum sulfate hydrate, Cat. No A613-500,
Fisher Chemical) or AlCl3 (Aluminum chloride, Product No A1831, TCI) and used as the
deposition electrolyte. The deposition conditions and setup for e-Zn/Al were identical to
e-Zn. To make a distinction between the materials created from different electrolytes, the
resulting e-Zn and e-Zn/Al deposits will be denoted as e-Zn-S/XAl-S and e-Zn-C/XAl-C
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for sulfate-based (1.0 M ZnSO4 + X M Al2(SO4)3) and chloride-based (1.0 M ZnCl2 + X
M AlCl3) electrolytes, respectively.
4.2.2 Physical characterization of e-Zn and e-Zn/Al
Field emission scanning electron microscopy (FESEM, Zeiss Ultra plus) was used
to investigate the morphology of the electrodeposited Zn and Zn/Al at 5 kV electron
energy. The composition of the e-Zn/Al was explored using energy dispersive x-ray
spectroscopy (EDS) connected to the Zeiss FESEM at 15 kV energy, 133 eV resolution
and 12.80 Amp.T with high number of counts (~3.0 k-4.0 k).
4.2.3 Determining the corrosion and discharge capacity of e-Zn and e-Zn/Al
Potentiostatic linear sweep voltammetry (LSV) was performed on the e-Zn and eZn/Al (on Ni wire) working electrodes in a three-electrode electrochemical cell with a
30% KOH electrolyte at room temperature to quantify the corrosion rate. Spiral-wound
Ni wire was used as the counter electrode and a Hg/HgO/5 M KOH (CHI 152, CH
Instruments) electrode was the reference. Whatman filter paper (P8, Cat. No 09-795A,
Fisher Scientific) attached to a plastic syringe was used as a separator between the
counter electrode and the working electrode. Prior to each LSV measurement, the
working electrode was equilibrated in the 30% (by weight) KOH electrolyte for 30 min to
stabilize the open circuit potential (OCP). Then, the LSV measurements were taken at a
sweep rate of 0.2 mV s-1 from -0.1 to 0.1 V vs. OCP. To measure the capacity, chronodischarge experiments were performed at a constant current of 30 mA cm-2 in the same
three-electrode cells as the LSV experiments.
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4.2.4 Evaluating the effects of electrolyte additives on e-Zn and e-Zn/Al using
EQCM
Electrolytes were prepared by dissolving the desired mass of KOH (NF/FCC
Pellets, Fisher) in 18.2 MΩ cm deionized (DI) water. For electrolytes containing ZnO and
Al(OH)3 additives, the necessary amount of ZnO powder (Reagent Plus, >99.9%, SigmaAldrich), Al(OH)3 (Extra pure, ACROS OrganicsTM, Cat. No AC219130250) and KOH
were dissolved in DI water. The KOH-based alkaline electrolytes include different
compositions, i.e. 30% KOH, 30% KOH-2% ZnO, 30% KOH-500 ppm Al(OH)3, 30%
KOH-2% ZnO-500 ppm Al(OH)3, 30% KOH-2% ZnO-1000 ppm Al(OH)3, 30% KOH2% ZnO-2500 ppm Al(OH)3 and 30% KOH-2% ZnO-5000 ppm Al(OH)3. Note that the
Al(OH)3 concentrations were based on the mass of Zn, and thus, 500, 1000, 2500 and
5000 ppm Al(OH)3 corresponded to 0.039, 0.078, 0.194 and 0.389 M Al(OH)3,
respectively.

EQCM

measurements

were

conducted

using

an

Autolab

(MAC101/PGSTAT204) potentiostat equipped with an EQCM module (Metrohm, Item
No. EQCM.MAC.204.S). The working electrode was a Au/TiO2 quartz crystal (0.35 cm2
surface area). The reference and counter electrodes were Ag/AgCl/Saturated KCl and
spiral Au wire, respectively. Zn and Zn/Al electrodeposition were carried out onto the
working electrode at 1 mA cm-2 for 100 s using 1.0 M ZnSO4 and 1.0 M ZnSO4 + 0.1 M
Al2(SO4)3 electrolytes, respectively. After deposition, the initial corrosion behavior of the
e-Zn and e-Zn/Al was investigated in various KOH-based electrolytes (detailed above)
for 5 minutes at the OCP. Finally, cyclic voltammograms (CVs) were collected in the
EQCM using Zn wire as reference electrode from -0.4 V to 0.6 V vs. Zn/Zn2+ at a scan
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rate of 100 mV s-1 to study the passivation of e-Zn-S and e-Zn-S/0.1Al-S in different
electrolytes with and without additives as noted above.
4.2.5 Electrodeposition of e-Zn and e-Zn/Al on mesh substrate
To assemble full cells with e-Zn and e-Zn/Al anodes, a similar method to my
previous work, described in Chapter 3,

6

was used to scale-up the electrodeposition

process. In short, e-Zn-coated mesh electrodes were prepared in 1.0 M ZnSO4 (e-Zn-S) or
1.0 M ZnCl2 (e-Zn-C) electrolyte. e-Zn/Al-coated mesh electrodes were created in either
1.0 M ZnSO4 + 0.1.0 M Al2(SO4)3 (e-Zn-S/0.1Al-S) or 1.0 M ZnCl2 + 0.2M AlCl3 (e-ZnC/0.2Al-C) electrolyte. MonelTM 400 gauze (Alfa AesarTM, 200 mesh woven from 0.05
mm dia. wire, Cat. No AA45064HB) was used as the working electrode. Six Zn rods (0.5
in. dia., >99.9%, Cat. No AA00422BT, Alfa AesarTM) were used as the counter electrode,
configured in a circular pattern around the working electrode. The reference electrode
was Hg/HgSO4/Saturated Na2SO4. The deposition was carried out in a beaker-type cell
with a total volume of 400 mL. The geometric dimensions of the mesh electrodes
immersed in the electrolyte was 7×8 cm2 (ca. 112 cm2 geometric surface area considering
both sides of the rectangular mesh). The electrodeposition was performed at 100 mA cm-2
by applying a constant current of 11.2 A using a current booster (Autolab Booster20A)
connected to potentiostat (Autolab PGSTAT302N) in 250 mL of electrolyte for 15
minutes.
4.2.6 Full cell fabrication and testing
To use the e-Zn and e-Zn/Al mesh electrodes in cylindrical cells, the larger
electrodeposited piece was cut into 8×1 cm2 rectangles. Next, the electrodes were rolled
into a tight cylindrical shape with a diameter of 9 mm. These were used to create full
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cells coupled with an EMD cathode. Four different anode compositions (e-Zn-S, e-Zn-C,
e-Zn-S/0.1Al-S and e-Zn-C/0.2Al-C) were tested in three different KOH-based
electrolytes (30% KOH, 30% KOH-2% ZnO and 30% KOH-2% ZnO-500 ppm
Al(OH)3). The full cells were assembled in custom-built cylindrical hardware with the
same geometry as a ¼ height AA battery

6,268

. To do this, first, a carbon nanotube ink

(Tuball SWCNT 0.05% in 2-propanol) was added dropwise onto the inside of the steel
main housing and allowed to dry. Next, a commercial EMD cathode pellet was pressed
into the housing, which was then placed into a Delrin® housing. Rolled separator paper
(laminated cellophane) was placed into a groove at the bottom of the Delrin® housing
and allowed to expand and make physical contact with the cathode pellet. A tin-plated
brass rod was inserted into the bottom-center of the Delrin® housing and used as the
anode current collector. Then, 240 μL of desired liquid electrolyte was added onto the
separator to wet both the separator and the cathode pellet. After that, the rolled e-Zn or eZn/Al electrode was placed into the anode column and 400 μL of electrolyte was added.
Finally, the main chamber was sealed using a top plate that was bolted to the bottom
plate.
Following cell assembly, constant current discharge experiments were conducted
at C/20 (based on the anode capacity) until a cutoff voltage of 0.6 V with a multi-channel
BT2000 Arbin battery cycler. Electrochemical impedance spectroscopy was performed at
OCV before and after discharge with frequencies ranging from 105 to 0.1 Hz with an
amplitude of 10 mV. The impedance curves were fitted using Nova 2.1 software and then
the ohmic and charge transfer resistance values were determined from corresponding
equivalent circuits. Additionally, constant current charge/discharge experiments were
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performed at C/20 (based on the full anode capacity) to the targeted 10% depth of
discharge (DoD) of Zn. Cycling was terminated after the average discharge voltage
reached a cut-off value of 0.8 V.
4.3

Results and Discussion

4.3.1 Synthesis of electrolytic Zn/Al
Electrodeposition is a technique that has been used in both academia and industry
to prepare materials for many different applications 269. In my previous study described in
Chapter 3, a method was presented to produce highly faceted micron-sized Zn particles
using electrodeposition in 1.0 M ZnSO4 electrolyte at a high current density (i.e. > 100
mA cm-2) 6. In this study, 1.0 M ZnCl2 was used in addition to 1.0 M ZnSO4 as different
deposition precursors that can lead to alternative morphologies. To incorporate Al into
the Zn particles, Al2(SO4)3 and AlCl3 (0.05 M-0.5 M) were added to both the 1.0 M
ZnSO4 and the 1.0 M ZnCl2 deposition baths. Since the pH of the deposition electrolytes
were both slightly acidic (1.0 M ZnSO4 pH = 4.4; 1.0 M ZnCl2 pH = 5.4), the deposition
of Al was possible without passivation.
To form the e-Zn/Al anodes, the Zn precursors dominated the electrolyte and
lesser amounts of the Al salts were added. The result was the synthesis of Zn-rich eZn/Al (high Zn, low Al content) electrodes. The structure of the particles was explored
using SEM and different structures such as hexagonal and tetrahedral shaped
morphologies were observed (Figure 4.1a-n). It can be seen that the Zn precursor played
a key role in the initial structure of the particles. In the case of 1.0 M ZnSO4, the deposits
were round, bulky and less ordered whereas particles created from 1.0 M ZnCl2
electrolytes were well-faceted with well-defined edges. More specifically, when there
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was no Al (i.e. X = 0 in Figure 4.1), the growth of large micron-sized particles was
observed in both sulfate (e-Zn-S) and chloride (e-Zn-C) based electrolytes, although for
e-Zn-S the particles were agglomerated (Figure 4.1a) whereas in the case of e-Zn-C the
particles were grown individually (Figure 4.1h). As small amounts of Al were included in
the deposition electrolyte (X = 0.05 M), the driving force for the production of bulky Zn
structures was decreased significantly and thin layer-type deposition with conformal
coating (Figure 4.1b) and obvious grain boundaries (Figure 4.1i) could be seen.
Moreover, the growth of small particles (Figure 4.1c) and low aspect ratio structures
(Figure 4.1j) were observable at X = 0.1 M for e-Zn-S/0.1Al-S and e-Zn-C/0.1Al-C,
respectively. As the Al concentration increased (X = 0.2), the size of particles became
larger and larger with rounded sides for e-Zn-S/0.1Al-S (Figure 4.1d) and sharper edges
for e-Zn-C/0.1Al-C (Figure 4.1k). At X > 0.3 M there was a transition from layer-type
coating to individually formed large particles with obvious voids in between which were
manifested as hexagonal round-bulky morphologies (Figure 4.1e) as well as tetrahedral
shaped structures (Figure 4.1l). At very high Al concentration (i.e. X = 0.4-0.5 M),
particles with different shapes and morphologies could be observed in both sulfate
(Figure 4.1f,g) and chloride (Figure 4.1m,n) based electrolytes since the particles were
agglomerated (island-type growth). Note that when Al was included in the electrolyte
there were apparent holes on the substrate related to hydrogen bubbles evolved during
deposition. At high Al concentrations, the formation of dendrites was noticed as well.
One of the parameters that can be used to evaluate the quality and efficacy of the
deposition process is the deposition efficiency. The deposition efficiency was lower than
100% in some cases, though it was much higher than pure Al (Figure 4.2).
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Figure 4.1 (a-n) SEM images of e-Zn and e-Zn/Al@Ni wire substrate after deposition in
1.0 M ZnSO4 + X M Al2(SO4)3 and 1.0 M ZnCl2 + X M AlCl3 at different conditions (X
shows Al concentration). Potential curves during deposition in (o) sulfate-based
electrolytes and (p) chloride-based electrolytes.
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At high Al concentration, the deposition efficiency decreased due to the higher
hydrogen evolution and Al corrosion throughout the deposition. It should also be noted
that the deposition efficiency was lower for sulfate electrolytes than chloride electrolytes.
This was driven by the fact that the deposition potentials were slightly more negative in
the case of sulfates compared to chlorides due to a lower degree of faceting on the
deposits (Figure 4.1o,p). Additionally, the initial polarization was lower for chloridebased electrolytes. This suggests that there was specific adsorption of Cl- on the Zn
surface, which is known in the literature

270,271

to have an inhibitive effect on Al

deposition and H2 evolution. The result of all of these dynamics was that the materials
created in sulfate-based electrolytes had increased Al electrodeposition, resulting in Zn
hosts with higher Al content as summarized in Table 4.1. Also, from EDS elemental
mapping it was noticed that Zn and Al were homogeneously distributed within the
particles, though the particles did have a slightly higher Al concentration at the edges
near the surface (Figure 4.3).
4.3.2 Chemical corrosion and electrochemical discharge behavior of e-Zn and eZn/Al
Al has a higher fundamental corrosion rate compared to Zn in alkaline media
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.

Therefore, it is expected that Al inclusion would increase the corrosion and H2 evolution
rate when introduced into Zn. However, it is important to correlate the amount of Al in
the electrode to increase in corrosion rate and determine the compositions that may not
lead to excess corrosion and gassing. Thus, the corrosion behavior of e-Zn and e-Zn/Al
was investigated in 30% KOH by LSV. Tafel plots near the OCP for each material in
30% KOH are shown in Figure 4.4a,b, with the calculated corrosion rates shown in
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Table 4.1 EDS analysis showing Al content in at% in each case. Note that the average
value of measurements from 5 different locations of each sample is reported with
corresponding error bars.
X

1.0 M ZnSO4 +X M Al2(SO4)3

1.0 M ZnCl2 +X M AlCl3

0.05

2.3±0.3

1.8±0.5

0.1

2.1±0.4

1.9±0.7

0.2

7.0±0.4

1.9±0.4

0.3

8.2±0.8

2.9±0.5

0.4

9.4±1.7

3.9±0.8

0.5

17.7±2.3

3.9±0.3
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Figure 4.2 Deposition efficiency of different electrolytes.

Figure 4.3 Representative EDS elemental mappings for (a) e-Zn-S/0.3Al-S and (b) e-ZnC/0.3Al-C.
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Figure 4.4c. e-Zn-C/XAl-C generally had lower corrosion currents than e-Zn-S/XAl-S.
This is likely because of the well-faceted structures observed in the e-Zn-C/XAl-C
materials and the lower Al loading. Figure 4.4c also clearly shows that increasing Al
content increased the corrosion rate. However, the rate of increase was lower at X < 0.2
M in both e-Zn-S/XAl-S and e-Zn-C/XAl-C.
Next, the electrochemical discharge behavior of e-Zn and e-Zn/Al was evaluated
in 30% KOH at a constant current of 30 mA cm-2 in three electrode cells. The discharge
process was allowed to proceed until the complete consumption of e-Zn or e-Zn/Al on the
Ni wire (substrate) surface – which was indicated by a sudden jump in potential,
signaling that the electrolyte was primarily in contact with the Ni substrate surface. From
the amount of charge passed (Q=it) and the measured mass loss during the discharge,
the capacity was determined. As shown in Figure 4.5a,b, at high Al concentrations (X >
0.3 M), the discharge terminated earlier due to the corrosion and loss of Al – resulting in
lower achievable capacity (Figure 4.5c). However, promisingly, Figure 4.5 also exhibits
that a small amount of Al inclusion generally increased the achievable capacity, showing
that the materials were able to access and utilize the included Al. In addition, e-ZnC/XAl-C showed higher discharge capacities compared to e-Zn-S/XAl-S, which suggests
that well-faceted structures could improve the utilization and performance.
A comparison of corrosion rate and discharge capacity values as well as their
changes with respect to e-Zn-S (as a reference case) is provided in Table 4.2. It is clear
that there is a tradeoff between the corrosion rate and discharge capacity. Al inclusion
improves the capacity, which is favorable, but at the same time, it increases the corrosion
rate which is undesired.
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Figure 4.4 Tafel plots from LSV of e-Zn and e-Zn/Al made of (a) sulfate-based
electrolytes and (b) chloride-based electrolytes. (c) Corrosion rate analysis of e-Zn and eZn/Al using LSV in 30% KOH.
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Figure 4.5 Polarization curves during discharge of e-Zn and e-Zn/Al made of (a) sulfatebased electrolytes and (b) chloride-based electrolytes. (c) Achievable discharge capacity
of e-Zn and e-Zn/Al in 30% KOH.
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In the case of e-Zn-S/XAl-S, having 0.1 M Al concentration in the deposition
electrolyte led to ~2% Al, ~9% increase in corrosion rate and ~2% increase in the
discharge capacity compared to e-Zn-S. On the other hand, in e-Zn-C/XAl-C cases, at 0.2
M Al concentration, ~2% Al content was achieved which resulted in ~6% higher
corrosion rate and ~3% improved capacity with respect to e-Zn-C. Thus, due to a
combination of desirable physical and electrochemical properties, e-Zn-S/0.1Al-S and eZn-C/0.2Al-C were selected to be produced on a larger mesh substrates and tested in full
cells. To provide a fair comparison, e-Zn-S and e-Zn-C were also tested in full cells as
controls. However, what is not yet known is the ideal electrolyte to use in these full cells,
which is discussed in the following section.
4.3.3 Effect of electrolyte additives on corrosion and dissolution of e-Zn and eZn/Al
After understanding the role of Al as an electrode additive to Zn on corrosion and
discharge behavior, it was important to explore the impact of corrosion-inhibiting
electrolyte additives in KOH on the performance of e-Zn and e-Zn/Al. Two electrolyte
additives were used in this study: ZnO and Al(OH)3 which form zincate (Zn(OH)42-) and
aluminate (Al(OH)4-), respectively, when dissolved in KOH. It is known that ZnO
addition reduces the dissolution and corrosion rate of Zn
passivation, especially if deployed near saturation
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, although it could initiate

. In addition, the possible effect of

Al(OH)3 on corrosion or passivation of Zn is not clear.
Electrochemical quartz crystal microbalance (EQCM) is a powerful technique that
can be used to study the mass change of interfaces with high precision, including during
the deposition and passivation of Zn 194,274.
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Table 4.2 Corrosion rate and discharge capacity comparison of e-Zn and e-Zn/Al in 30%
KOH.

Sample

Corrosion Discharge
Discharge
Zn Al Corrosion rate
rate capacity (mAh capacity change
-2
-1
(at%) (at%) (μg cm min )
change %
g-1)
%

e-Zn-S

100.0 0.0

0.183

0.00

745

0.00

e-Zn-S/0.05Al-S

97.7

2.3

0.208

13.59

754

1.21

e-Zn-S/0.1Al-S

98.0

2.1

0.200

8.93

760

2.08

e-Zn-S/0.2Al-S

93.1

7.0

0.235

28.02

779

4.54

e-Zn-S/0.3Al-S

91.8

8.2

0.362

97.50

762

2.26

e-Zn-S/0.4Al-S

90.6

9.4

0.418

128.30

753

1.04

e-Zn-S/0.5Al-S

82.3 17.7

0.990

440.70

751

0.88

e-Zn-C

100.0 0.0

0.049

-73.14

776

4.14

e-Zn-C/0.05Al-C

98.2

1.8

0.053

-71.11

806

8.17

e-Zn-C/0.1Al-C

98.1

1.9

0.055

-70.07

792

6.33

e-Zn-C/0.2Al-C

98.1

1.9

0.060

-67.30

796

6.81

e-Zn-C/0.3Al-C

97.1

2.9

0.073

-60.39

784

5.20

e-Zn-C/0.4Al-C

96.1

3.9

0.094

-48.42

773

3.78

e-Zn-C/0.5Al-C

96.1

3.9

0.204

11.63

718

-3.63
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EQCM operates based on the piezoelectric effect of quartz crystal where AC
current generates a standing shear wave that results in a stable oscillation at a resonant
frequency. The frequency changes can be correlated to the mass changes using Sauerbrey
equation (Equation (4.1):
∆𝑓 = −𝐶𝑓 ∆𝑚

(4.1)

Where Δf is the frequency change (Hz), Cf is the sensitivity factor (Hz ng-1 cm2)
and Δm is the mass change per unit area (ng cm-2). As shown in Equation (4.2, the
sensitivity factor depends on the quartz resonant frequency (f0 in Hz), quartz crystal
density (ρq = 2.648 g cm-3) and shear modulus of quartz (µq = 2.947 × 1011 g cm-1 s-2).
For the Autolab EQCM crystal with f0 = 6 MHz at 20 ºC, the sensitivity factor is equal to
0.0815 Hz ng-1 cm2.
𝐶𝑓 =

2𝑓02

(4.2)

√𝜌𝑞 𝜇𝑞

When Zn was deposited onto the EQCM electrode, the deposition behavior was
very similar to the anodes created on the Ni wires. The potential reached to a stable value
during Zn deposition and there was a hump related to H2 evolution during Zn/Al
deposition, which also eventually reached stable potential (Figure 4.6a,b). It should be
noted that there was a lower mass gained and lower deposition efficiency for e-ZnS/0.1Al-S (23.59 µg cm-2 and 70%) compared to e-Zn-S (28.89 µg cm-2 and 86%,).
After coating the gold crystal surface with e-Zn-S or e-Zn-S/0.1Al-S (with ~2%
Al), the initial corrosion behavior was explored by measuring the mass changes during 5
minutes of exposure of the electrodes (at OCP) in four different alkaline electrolytes with
30 % KOH: i) pure KOH; ii) KOH with 2% ZnO; iii) KOH with 500 ppm Al(OH)3; and
iv) KOH with 2% ZnO and 500 ppm Al(OH)3. 2% ZnO was used because it is in the
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range that is commonly deployed in commercial alkaline cells
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. As shown in Figure

4.6c, when e-Zn was exposed to 30% KOH without any additives, the frequency linearly
increased as expected, showing stable, continuous corrosion. Adding 500 ppm Al(OH)3
to 30% KOH slightly decreased the corrosion rate of e-Zn whereas 2% ZnO addition to
30% KOH significantly suppressed the corrosion of e-Zn-S. Including both 2% ZnO and
500 ppm Al(OH)3 in 30% KOH led to the lowest corrosion rate on e-Zn-S surface. In the
case of e-Zn-S/0.1Al-S (Figure 4.6d), it was found that adding only 500 ppm Al(OH)3 to
30% KOH, did not improve the corrosion behavior. However, 2% ZnO addition to 30%
KOH resulted in lower corrosion. In fact, adding 2% ZnO led to an increase in the mass
which could be due to the surface exchange of Zn on Al as shown previously in the
literature 64. Moreover, having both 2% ZnO and 500 ppm Al(OH)3 in 30% KOH slightly
increased the corrosion rate of e-Zn-S/0.1Al-S. The change in mass values at different
conditions are provided in Table 4.3.
Furthermore, it was found that increasing the Al(OH)3 concentration could lead to
higher amounts of mass gained on e-Zn (Figure 4.7, Table 4.4). It was also shown that
increasing the Al(OH)3 concentration made the system more susceptible to passivation.
This is shown in Figure 4.8 where e-Zn-S and e-Zn-S/0.1Al-S were investigated by CV in
the four alkaline electrolytes above. It was observed that adding 500 ppm Al(OH)3 to
30% KOH delayed the passivation of both e-Zn-S and e-Zn-S/0.1Al-S. However, in the
presence of 2% ZnO the passivation behavior was different. For e-Zn-S, adding 500 ppm
Al(OH)3 to 30% KOH-2% ZnO further delayed the passivation which can be desirable
from a discharge performance perspective, though adding too much Al(OH)3 (i.e. 5000
ppm Al(OH)3) to 30% KOH-2% ZnO led to earlier passivation (Figure 4.8a).
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Figure 4.6 Data acquired by EQCM setup. Potential curves with corresponding frequency
changes during electrodeposition of (a) e-Zn-S and (b) e-Zn-S/0.1Al-S at 1 mA cm-2 for
100 s. Monitoring the frequency changes of (c) e-Zn-S and (d) e-Zn-S/0.1Al-S in
different alkaline electrolytes for 300 s at open circuit conditions to analyze the corrosion
using the weight loss method.
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Table 4.3 Quantitative mass change analysis during corrosion from EQCM setup.
Mass change
Sample

Corrosion electrolyte

e-Zn-S

30% KOH

-2.800

e-Zn-S

30% KOH-2% ZnO

-0.535

e-Zn-S

30% KOH-500 ppm Al(OH)3

-2.636

e-Zn-S

30% KOH-2% ZnO-500 ppm Al(OH)3

-0.444

e-Zn-S/0.1Al-S

30% KOH

-3.134

e-Zn-S/0.1Al-S

30% KOH-2% ZnO

0.159

e-Zn-S/0.1Al-S

30% KOH-500 ppm Al(OH)3

-4.611

e-Zn-S/0.1Al-S

30% KOH-2% ZnO-500 ppm Al(OH)3

0.002
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(µg cm-2)

Figure 4.7 Effect of Al(OH)3 concentration on frequency (~mass) changes of e-Zn-S.

Table 4.4 Effect of Al(OH)3 on corrosion rate of e-Zn-S using weight loss method from
EQCM setup.
Sample

Corrosion electrolyte

e-Zn-S

30% KOH-2% ZnO-500 ppm Al(OH)3

Mass change
(µg cm-2)
-0.444

e-Zn-S

30% KOH-2% ZnO-1000 ppm Al(OH)3

-0.113

e-Zn-S

30% KOH-2% ZnO-2500 ppm Al(OH)3

0.099

e-Zn-S

30% KOH-2% ZnO-5000 ppm Al(OH)3

0.170
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In the case of e-Zn-S/0.1Al-S, 500 ppm Al(OH)3 addition to 30% KOH-2% ZnO
resulted in earlier passivation and having 5000 ppm Al(OH)3 further accelerated the
passivation (Figure 4.8b). The reason that the presence of zincate ions slows down the Zn
oxidation reaction is that zincate is the primary product of Zn dissolution, which overall
is reversible, as shown in Equation (1.19. Hence, its presence slows the overall
spontaneous reaction rate. Additionally, the presence of Zn shifts the thermodynamic
potential, which also decreases the corrosion rate. However, during a force discharge, the
production of zincate drives the system towards its solubility limit and ZnO is eventually
deposited through a precipitation reaction (Equation (1.20). Similarly, the presence of
aluminate speeds up the Al passivation rate. Overall, EQCM results suggest that 30%
KOH-2% ZnO-500 ppm Al(OH)3 and 30% KOH-2% ZnO could be the best electrolyte
compositions for e-Zn and e-Zn/Al, respectively, from the perspective of balancing
corrosion and passivation rates. To see if the observations from three-electrode cells
(particle-level) are valid in realistic operating conditions, the discharge and cycling
behavior of e-Zn and e-Zn/Al anodes were studied in full cells.
4.3.4 Discharge behavior of e-Zn and e-Zn/Al anodes in full cells
The insets of Figure 4.9a,b show SEM images of e-Zn and e-Zn/Al anodes after
deposition on the mesh substrates. Within this architecture, the e-Zn or e-Zn/Al particles
are interconnected, allowing for high electronic conductivity across the network. The
particles mainly consisted of hexagonal structures with apparent edges, which possess
high corrosion resistivity 6. The structure for the particles on the mesh substrates were
very similar to those obtained on the wire substrates (Figure 4.1). e-Zn-S/0.1Al-S were
comprised of small hexagonal crystallites that completely covered the substrate whereas
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Figure 4.8 Passivation analysis using cyclic voltammetry of (a) e-Zn-S and (b) e-ZnS/0.1Al-S at 100 mV s-1 in multiple alkaline electrolytes. It can also be seen that
conditions without 2% ZnO could lead to H2 evolution in the reduction region.
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agglomeration of larger hexagonal morphologies was obvious in e-Zn-S (Figure 4.9a). In
the case of e-Zn-C and e-Zn-C/0.2Al-C there was enough driving force for island-type
growth, which resulted in well-ordered bulky particles (Figure 4.9b).
Discharge experiments were performed at C/20 (based on the anode capacity)
until a cutoff voltage of 0.6 V. As shown in Figure 4.9a,b, the discharge process started
with an initial polarization accompanied by a gradual decrease in cell voltage, and then
followed by a sudden voltage drop attributed to the cell passivation 268. The operating cell
voltages were slightly higher in e-Zn/Al anodes compared to e-Zn since Al inclusion
shifts the anode potential to moderately more negative values. Higher discharge capacity
was achieved using e-Zn/Al anodes in comparison with e-Zn. This implies that it was
possible to utilize the Al capacity during discharge in full cells as well. In terms of
electrolyte additives, adding ZnO slightly improved the achievable capacity of e-Zn by
lowering the corrosion. However, having ZnO and Al(OH)3, increased the capacity
considerably by delaying the passivation and lowering the corrosion because of ZnO
addition. In the case of e-Zn/Al, ZnO addition enhanced the achievable capacity
significantly. This is because of the protection mechanism of zincate on Al which greatly
mitigates the corrosion rate

64

. However, aluminate inclusion did not affect the

performance of e-Zn/Al since it promotes the premature passivation of Al. The reason for
this behavior lies in the fact that aluminate solubility is less than zincate, and thus, locally
aluminate saturation could easily be reached. Furthermore, e-Zn-C and e-Zn-C/0.2Al-C
showed better discharge performance compared to e-Zn-S and e-Zn-S/0.1Al-S,
respectively, similar to the results that were obtained in three-electrode cells. Table 4.5
provides a quantitative analysis of the discharge performance.
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Figure 4.9 Discharge performance of e-Zn and e-Zn/Al anodes coupled with EMD
cathode in cylindrical full cells having 30% KOH with/without 2% ZnO or 500 ppm
Al(OH)3 additives. (a) Discharge curves of e-Zn-S and e-Zn-S/0.1Al-S anodes with
corresponding SEM images. (b) Discharge curves of e-Zn-C and e-Zn-C/0.2Al-C anodes
with corresponding SEM images.
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In addition to discharge capacity, two more parameters are crucial to evaluate: 1)
energy density (which includes the average operating voltage); and 2) utilization (the
ratio of achievable capacity to the maximum theoretical value considering the Al content
involved in the anode). Al inclusion in Zn anodes was more effective than electrolyte
additives in terms of increasing the capacity and energy density. In the case of e-Zn, eZn-S reached the highest utilization (60%) using 30% KOH with 2% ZnO and 500 ppm
Al(OH)3 additives. For e-Zn/Al anodes, e-Zn-C/0.2Al-C had the highest utilization (68%)
and performance in 30% KOH with 2% ZnO. Similarly, e-Zn-S (in 30% KOH-2% ZnO500 ppm Al(OH)3) and e-Zn-C/0.2Al-C (in 30% KOH-2% ZnO) were able to achieve the
highest energy density i.e. 671 Wh kganode-1 and 784 Wh kganode-1, respectively, which is
higher than the energy density values obtained by Zn sponge anodes in the literature
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.

It should be noted that the discharge capacity and energy density values were normalized
to the mass of e-Zn or e-Zn/Al in the anode.
Electrochemical impedance spectroscopy (EIS) was carried out before and after
discharge to evaluate the effect of the anode and electrolyte composition on the internal
resistance of the cell 146. Nyquist plots from the EIS data are provided in Figure 4.10,
though a representative Nyquist plot with the corresponding equivalent circuit for e-Zn-S
in 30% KOH electrolyte is shown in Figure 4.11a. For all samples, the high-frequency
region showed a characteristic semicircle controlled by the charge transfer process while
the low-frequency region appeared to be a characteristic line controlled by unconstrained
diffusion (slope  1), especially at the end of life. As shown in Figure 4.11b, both the
ohmic and charge transfer resistances, and thus the internal resistance, increased after
discharge due to passivation and formation of the insulating oxide layers.
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Table 4.5 Discharge performance comparison of e-Zn and e-Zn/Al anodes with/without electrolyte additives in full cells.
Al
(at%)

0
5

100.0
100.0

0.0
0.0

820
820

46
49

502
550

Energy
density
%
change
0
10

490

29

100.0

0.0

820

60

671

34

30% KOH

482

27

98.0

2.1

864

56

683

36

30% KOH-2% ZnO

546

44

98.0

2.1

864

63

761

52

486

28

98.0

2.1

864

56

684

36

398
439

5
15

100.0
100.0

0.0
0.0

820
820

49
54

485
571

-3
14

494

30

100.0

0.0

820

57

638

27

30% KOH

492

29

98.1

1.9

860

57

630

26

30% KOH-2% ZnO

581

53

98.1

1.9

860

68

784

56

30% KOH-2% ZnO500 ppm Al(OH)3

498

31

98.1

1.9

860

61

681

36

Sample

Discharge electrolyte

e-Zn-S
e-Zn-S

30% KOH
30% KOH-2% ZnO
30% KOH-2% ZnO500 ppm Al(OH)3

380
401

e-Zn-S
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Zn
(at%)

Theoretical
capacity
(mAh g-1)

Discharge Discharge
capacity
capacity
(mAh g-1) % change

e-ZnS/0.1Al-S
e-ZnS/0.1Al-S
e-ZnS/0.1Al-S
e-Zn-C
e-Zn-C
e-Zn-C
e-ZnC/0.2Al-C
e-ZnC/0.2Al-C
e-ZnC/0.2Al-C

30% KOH-2% ZnO500 ppm Al(OH)3
30% KOH
30% KOH-2% ZnO
30% KOH-2% ZnO500 ppm Al(OH)3

Utilization
%

Energy
density
(Wh kg-1)

Al inclusion into Zn electrodes increased the internal resistance in 30% KOH.
However, both e-Zn-S/0.1Al-S and e-Zn-C/0.2Al-C with pre-dissolved ZnO in KOH
electrolyte showed lower charge transfer resistance compared to e-Zn-S and e-Zn-C,
respectively. e-Zn-S and e-Zn-C possessed the lowest internal resistance values with
aluminate included electrolytes, suggesting that aluminate inclusion inhibited cell
passivation, which means that the kinetics of Zn dissolution became more facile in the
presence of the aluminate electrolyte additive. However, having aluminate in e-Zn/Al
anodes (i.e. e-Zn-S/0.1Al-S and e-Zn-C/0.2Al-C) increased the internal resistance relative
to 30% KOH-2% ZnO.
Hence, the best anode-electrolyte compositions, enabling the highest discharge
capacity and lowest impedance, were 30% KOH-2% ZnO-500 ppm Al(OH)3 paired with
e-Zn and 30% KOH-2% ZnO paired with e-Zn/Al.
4.3.5 Rechargeability of e-Zn/Al anodes in full cells
Zn-MnO2 battery chemistry has been also considered as a promising option for
secondary cells in grid-scale storage applications 275,276, especially considering that Li-ion
batteries are more expensive and large systems lead to safety concerns due to the use of
flammable electrolytes 9,10,12,277,278. Zn-MnO2, on the other hand, is intrinsically low cost
and uses a non-flammable aqueous electrolyte. Therefore, the reversible charge/discharge
behavior (rate of C/20 between 0-10% DoD) of e-Zn-C/0.2Al-C on Ni mesh was
investigated in 30% KOH + 2 % ZnO electrolyte and compared to e-Zn-C in 30% KOH +
2 % ZnO and e-Zn-S in multiple electrolytes. Figure 4.12a shows the voltage profiles
during discharge/charge for each case and Figure 4.12b corresponds to the average
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Figure 4.10 Nyquist plots of e-Zn and e-Zn/Al anodes (a,c) before discharge and (b,d)
after discharge.
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Figure 4.11 (a) Nyquist plot of e-Zn-S in 30% KOH before and after discharge with the
corresponding equivalent circuit. (b) Internal resistance values for different anode and
electrolyte composition.
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discharge voltage calculated by Equation (3.2. It should be noted that the average
discharge voltage is an important parameter to analyze the energy efficiency and
practicality of batteries. For e-Zn-S anodes, reducing the KOH concentration from 35%
to 30% resulted in narrower voltage profile initially, although the large polarization after
77 cycles (308 h) caused cell failure. Adding 2% ZnO to 30% KOH improved the
rechargeable performance of the e-Zn-S anodes (135 cycles, ~ 540 h) due to lower
corrosion, leading to lower polarization. Switching the e-Zn anode type from e-Zn-S to eZn-C led to better cycleability in 30% KOH with 2% ZnO (186 cycles ~ 744 h), as shown
in Figure 4.12a. The reason could be the well-faceted structure of e-Zn-C anodes that
could result in lower corrosion as evidenced throughout the present study. Moreover, the
presence of pre-dissolved 2% ZnO in 30% KOH resulted in higher average discharge
voltages with lower rate of decrease upon cycling for both e-Zn-S and e-Zn-C which
highlights the significance of ZnO addition to KOH electrolytes for enhancement of the
energy efficiency of Zn anodes (Figure 4.12b).
Finally, the top-performing electrode and electrolyte combination from above, eZn-C/0.2Al-C in a 30% KOH-2% ZnO electrolyte, was selected to study the
rechargeability of the e-Zn/Al materials. It was found that e-Zn/Al was able to cycle for
804 h (201 cycles) before reaching the cutoff voltage, which is significantly longer than
e-Zn (Figure 4.12a). It is also superior to the previously reported Zn anodes in KOH with
a similar testing protocol for both Zn-MnO2 6,261,279 and Zn-air 280-282 battery chemistries.
In addition, the corresponding polarization was less for e-Zn/Al compared to e-Zn and the
average discharge voltage remained stable at > 1.3 V over 170 cycles (Figure 4.12b),
meaning that the round-trip energy efficiency was also better. This suggests that Al
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Figure 4.12 Comparison of the rechargeable behavior of e-Zn/Al with e-Zn anodes
coupled with EMD cathode at C/20 and 10% DoD. (a) cell voltage changes during
cycling and (b) average discharge voltage as a function of cycle number.
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inclusion into Zn anodes in the presence of suitable electrolyte additives could improve
both discharge capacity and continuous cycling characteristics by utilizing Al capacity
and having higher operating voltages, especially with high corrosion resistant and wellfaceted electrolytic Zn/Al materials, which can be useful to enhance the performance of
existing Zn-air and Zn-ion battery systems.
4.4

Summary
In this chapter, Zn-rich Zn/Al particles were made electrolytically with well-

faceted structures. By analyzing the corrosion rate and maximum achievable discharge
capacity using three electrode electrochemical cells in excess 30% KOH electrolyte, it
was found that configurations with low Al content (~2 at%) could reach high capacity
due to the ability to access the Al capacity while maintaining low corrosion rates. EQCM
experiments indicated that 30% KOH-2% ZnO-500 ppm Al(OH)3 and 30% KOH-2%
ZnO could be the best electrolyte compositions for pure Zn and Zn/Al anodes,
respectively, in terms of having lower corrosion and passivation rates. Additionally, in
cylindrical full cells, Zn/Al anodes in 30% KOH, 2% ZnO electrolyte increased the
discharge capacity and energy density by 53% (581 mAh g-1anode) and 56% (~784 Wh kg1

anode),

respectively, compared to pure Zn without any electrolyte additives. The e-Zn/Al

materials also showed excellent cycle performance of e-Zn/Al anodes at C/20 rate and
10% DoD ( > 200 cycles). The novel concept of Al inclusion in Zn anodes as well as
other new findings regarding alkaline electrolyte additives presented in this dissertation is
very promising and useful for the alkaline battery community which can be also extended
and implemented in Zn-air and Zn-ion batteries.
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CHAPTER 5 CONCLUSIONS

The overall objectives of this dissertation were to: i) develop a new understanding
for the fundamental drivers for Zn corrosion in alkaline batteries; ii) develop new
experimental methods and synthesis routes to enable that understanding; and iii) develop
a new solution to increase the capacity and reversibility of Zn compared to established
commercial powders. The objectives were achieved by answering the three fundamental
questions that were listed in Chapter 1:
I.

What is the root cause and fundamental driving force for alkaline battery
leakage? Also, why does high pressure and cell rupture occur so suddenly
and is more severe at deep discharge?

II.
III.

How does the Zn structure influence the performance of Zn anodes?
How might the inclusion of Al into Zn anodes affect the achievable
capacity and the corrosion rate?

The new knowledge generated by this study ultimately led to corrosion inhibition,
leakage suppression and performance improvement of Zn anodes in aqueous battery
systems. Some specific examples are provided below.
Through this work, a previously unknown redox electrolyte mechanism for
electronic conduction in the Zn anode slurry electrode of alkaline batteries was
discovered using a combination of Multiphysics modeling and experiments on circuit-
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isolated Zn particles. Designing and constructing new research platforms enabled for
direct visualization of the Zn anode during discharge as well as real-time hydrogen
evolution measurement. It was demonstrated that the high surface area “black Zn”
formed through the redox mechanism near the end of life is the root cause for rapid cell
gassing leading to leakage.
The significant shape changes during discharge highlighted the importance of Zn
structure and morphology on corrosion, discharge/charge and passivation. Therefore,
electrolytic Zn (e-Zn) particles were synthesized with well-faceted structures possessing
inherently low corrosion rates. The micro-sized (~ 100 micron) hexagonal shape e-Zn
particles allowed for studying the basics of shape changes during corrosion and
discharge. It was found that the corrosion and discharge both were initiated from the
basal plane. In addition to intrinsic low corrosion, e-Zn anodes (on mesh substrates
having high network conductivity) exhibited considerably better cycleability (~320
cycles) than their literature predecessors in concentrated KOH alkaline electrolytes. It
was also shown that e-Zn anodes can be well-integrated into emerging Zn-ion battery
formats with excellent performance, including no dendrite formation upon cycling, low
overpotentials (typically < 0.2 V) and long cycle life without failure (2000 h) under
certain conditions.
Though the comprehensive analysis of Al anodes in Chapter 1 showed that there
are serious fundamental limitations that restricts the complete replacement of Zn anodes
with Al anodes in operating alkaline cells, it was demonstrated that the partial inclusion
of Al in e-Zn anodes (resulting in e-Zn/Al anodes) can improve the discharge capacity
and energy density of alkaline cells while possessing controlled (low) corrosion rates.
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Using electrolyte engineering, e.g. adding ZnO as an electrolyte additive, the Al
corrosion rate was reduced by 2 orders of magnitude. Moreover, it was recognized that
adding ZnO as electrolyte additive is necessary for controlling the corrosion of e-Zn,
while adding Al(OH)3 is effective in delaying the passivation of e-Zn, though for e-Zn/Al
adding Al(OH)3 to KOH can induce the passivation of Al. Hence, the resulting e-Zn/Al
anodes in the presence of only ZnO electrolyte additive significantly increased the
discharge capacity and energy density by 53% (581 mA g-1anode) and 56% (~784
Wh kg-1anode), respectively, compared to pure e-Zn. This was also accompanied by an
excellent reversibility (i.e. > 800 h) in full cells with alkaline electrolytes.
Overall, the findings of this study suggest that e-Zn and e-Zn/Al with well-faceted
structures and low corrosion rates are very promising anode materials that can be
implemented in a wide variety of applications including alkaline Zn, Zn-air and Zn-ion
batteries.
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CHAPTER 6 RECOMMENDATIONS FOR FUTURE WORK
There are several opportunities for continued research on the corrosion and

performance of Zn anodes presented in this dissertation, however I will focus on the three
key areas that I believe will have the most significant impact. The first is a more detailed
investigation of the water:KOH concentration ratio effects on the performance of alkaline
cells. Secondly, the incorporation of metallic H2 evolution suppressors in e-Zn anodes
should be investigated to further boost the cycle performance and stability. Third,
decoupling e-Zn or e-Zn/Al anodes in solid-state flexible batteries should be explored.
In this work, it was shown that the formation of high surface area black Zn
deposits during deep discharges leads to pressure build up in the alkaline cells, eventually
resulting in the cell leakage. Therefore, one way to reduce alkaline cell gassing and
leakage is to minimize the black Zn formation. Black Zn is formed as a result of redox
electrolyte mechanism due to the formation of steep zincate concentration gradients, and
thus, relaxing these concentration gradients can mitigate the black Zn formation. As
demonstrated that the black Zn formation is a mass transport driven process, enhancing
mass transport is crucial to avoid alkaline cell rupture. This can be done by precisely
evaluating the water management as well as KOH concentration effects on mass transport
of ionic species within the redox electrolyte mechanism. Hence, the Zn slurry anodes can
be optimized by manipulating the ratio of water:KOH concentration. Additionally,
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increasing the surface area of the anode current collector can help to relax the zincate
concentration gradients, and therefore, minimize the black Zn formation and inhibit the
cell gassing.
In another embodiment of this study, it was observed that e-Zn particles have
intrinsically low corrosion rates due to the highly faceted structures and large sizes. To
further reduce the corrosion of e-Zn anodes in operating alkaline cells, especially
rechargeable ones, metallic electrode additives such as Bi and In can be doped or alloyed
with e-Zn particles. It is known that Bi and In can significantly reduce H2 evolution on
Zn surfaces. The alloying process can be incorporated to the method presented in this
work by modifying the electrodeposition process and including In and Bi precursors in
the deposition bath. Then, the influence of different deposition parameters can be
investigated on the structure and corrosion of alloyed e-Zn anodes. Furthermore, the
impact of having multiple circuits (i.e. multiple counter electrodes) vs. single circuit
during electrodeposition can be explored.
Finally, Zn foil anodes which have become very common Zn anode form factor in
the literature, however they are not practical because of very low surface area and
nonuniform current density distribution in foil geometries (dendrite formation at the
edges). Instead, e-Zn or e-Zn/Al anodes can offer higher surface area and porosity
leading to better kinetics and higher rate capability which can be employed in Zn-air or
flexible solid-state Zn batteries. More importantly, e-Zn or e-Zn/Al anodes have the
ability to deform. At the same time, they can present good mechanical strength and high
electronic conductivity due to the continuous network connection. In addition, owing to
their novel architecture and special particle configuration, e-Zn or e-Zn/Al anodes
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possess high porosity which can improve the access of ions in solid-state electrolytes
such as solid polymer or gel electrolytes (enhanced ionic conductivity) to the electrode
surfaces.
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